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Abstract 
This thesis describes a methodology to monitor the condition of rolling-element bearings 
rotating inside an industrial machine. More precisely, the machine looked at is a mail-
processing machine which has to sort mail for Royal Mail continuously over many hours 
every day (22 hours per day on average). 
For such utilisation, machine availability is critical hence the necessity to monitor the 
condition of every rolling-element bearing during the production time. This would enable 
maintenance action to be taken on a rolling-element bearing detected as damaged before 
its critical failure which would cause the machine to stop (safe mode). 
This type of action, known as Total Productive Maintenance (TPM) , requires the 
development of a Condition Monitoring (CM) technique. While great efforts have been 
made in the past, by previous researchers, to develop a predictive maintenance of these 
rolling-element bearings using hand-held acoustic emission or vibration sensors, this thesis 
presents a fixed and automated CM technique using low-cost microphones. 
With the use of two or three tie-clip microphones, the task consists of locating and 
monitoring damaged rolling-element bearings according to the acoustic stress waves (at 
frequencies up to 20 kHz) they emit. The number of monitored rolling-element bearings 
(six) will be finally larger than the number of sensors used to assess their condition (three). 
The first task is to define the location of a single damaged rolling-element bearing based 
on the amount of acoustic stress waves it emits. To do so, a cross-correlation computation 
is used in association with trigonometric calculation and a feed-forward neural network. 
Along with the microphones, this technique is referred to as triangulation for passive 
acoustic source location. Then, tests are undertaken for the case where several rolling-
element bearings (two to four) are rotating and emitting acoustic stress waves 
simultaneously. These tests include measurements on the possibility of obtaining 
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information about the condition of each of the rotating mechanical elements using 
frequency-filtering techniques. This is followed by statistical measurements (kurtosis, 
skewness, variance, etc.) to give statistical values proportional to the condition of each of 
the rolling-element bearings. 
It emerges that the monitoring of several rolling-element bearings using low-cost 
microphones as a cost-effective condition monitoring method described in this thesis 
represents a significant contribution to know ledge compared to existing methods. It is 
anticipated that this work will be of interest to a large range of industrial machine 
manufacturers and users since rolling-element bearings are one of the most frequently used 
mechanical elements in industrial environments. Recommendations are made for 
additional work, which would enable further refinement and development of the technique. 
Key words 
Condition monitoring, rolling-element bearings, acoustics, predictive maintenance, 
industrial machinery, data fusion, sensor fusion. 
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"There is nothing either good or bad, but thinking makes it so." 
"The Possible's slow fuse is lit by the Imagination." 
WiIliam Shakespeare (1564-1616) 
"La difficulte de reussir ne fait qu'ajouter 11 la necessite d'entreprendre" 
Beaumarchais (1732-1789) 
"It is common sense to take a method and try it; if it fails, admit it frankly and try another. 
But above all, try something." 
"Happiness is not in the mere possession of money; it lies in the joy of aChievement, in the 
thrill of creative effort." 
Franklin Delano Roosevelt (1882-1945) 
"Caelum mutaris, non anima, per mare currens" 
Horace (65-8 BC) 
"J'ai toujours su que pour reussir dans le monde, iI fallait avoir I'air fou et etre sage" 
Montesquieu (1689-1755) 
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Glossary of Terms 
LABEL FULL NAME UNIT 
A Equation of an exponentially decaying signal -------------------
Aep End of elastic phase -------------------
Ac Shift from normal rolling-element bearing life to -------------------
rolling-element bearing remaining life 
Al Alarm level -------------------
Ao Maximum amplitude of a wave -------------------
As Amplitude of an acoustic wave ---------------.---
Ase Complex amplitudes of the integers sand e -------------------
B Point of failure of a rolling-element bearing ------------------. 
BH Constant for the definition of a one-dimension plane -------------------
wave using the Helmholtz equation 
Bph End of plastic phase - starting point of crack growth -------------------
Cl Capacitance Farad (F) 
Cm Generalised overall maintenance cost -------------------
CH Constant for the definition of a one-dimension plane -------------------
wave using the Helmholtz equation 
D Rolling-element bearing mean diameter Metre (m) 
Dz Correlation exponent -----------------.-
Dist Distance between a measured acoustic source Metre (m) 
position and a NN retrieved acoustic source position 
Des Constant frequency for acoustic emission sensor Per amount of time 
calibration (per hour, per day, 
per month, per year, 
etc.) 
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E Energy of a stress wave Joule (J = N.m) 
E(n) Short-time energy function Joule (J = N.m) 
F Frequency of a vibroacoustic wave Hertz (Hz) 
F Failure level -------------------
Fa Pseudo frequency for a given wavelet scale Hertz (Hz) 
Fe Centre frequency of the mother wavelet used Hertz (Hz) 
Fr Force applied to a rolling-element bearing Newton (N) 
F(t) Force varying with time Newton (N) 
I Sound intensity Watt per metre 
squared (w.m2) 
IdB Sound intensity Decibel (dB) 
10 Reference sound of standard threshold of hearing Watt per metre 
squared (w.m2) 
IM Heaviside's function ---.---------------
le Bessel function of order e -------------------
KJ Kinematic constant Metre (m) 
K2 Kinematic constant Metre (m) 
Lse l..egendre polynomials of the coordinates sand e -------------------
M Molecular weight of a gas Gram per mole 
(g.mor1) 
M(n) Running median -------------------
Mr Statistical moment to the order "r" --.----------------
N Number of sample points -------------------
Nb Number of balls in a rolling-element bearing -------------------
Ne Counting number of acoustic waves -------------------
Nw Width of the window Sample 
p Averaged signal power Watt (W = J.s·') 
Qm Mechanical quality factor -------------------
Q('P) Load distribution applied to a rolling-element Newton (N) 
bearing 
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Ra(m) Correlation exponent -------------------
Ri Resistance Ohm (n) 
Rle Resistive load of a sensor Ohm (n) 
Rv Reliability value ---.---------------
Rxy Cross-correlation value -------------------
So Symmetric of order 0 of a Lamb wave -------------------
T Temperature Degrees Celsius (QC) 
Tid Time interval between two acoustic emission pulses Seconds (s) 
in the inner race 
Va Reconstructed vector from a continuous signal -------------------
Vcs Wave velocity used for the calibration of acoustic -------------------
emission sensors 
VRMS Averaged RMS voltage of a monitored signal Volt (V) 
Vs Velocity of a shear wave Metre per second 
(m.s· l ) 
W Warning level -------------------
W; Synaptic weight vector -------------------
Wen) Constant depending on the number of samples --.----------------
Wx Wavelet transform of a continuous signal -------------------
X Vector with discrete values -------------------
y Perfect sine wave equation -------------------
Z Acoustic Impedance Pascal second per 
metre (Pa.s.m- I ) 
a Dilation value for a wavelet --.----------------
b Translation value for a wavelet -----------------.-
c Velocity of sound Metre per second 
(m.s- I ) 
d B all diameter Metre (m) 
e Integer representing an harmonic term -------------------
f Frequency Hertz (Hz) 
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fb Rolling-element bearing's balls frequency Hertz (Hz) 
fe Cage frequency Hertz (Hz) 
fm Highest rotating component frequency in a rolling- Hertz (Hz) 
element bearing signature spectrum 
fn Frequency resolution of a sensor Hertz (Hz) 
fo Leading outer race frequency Hertz (Hz) 
fo Oscillation frequency of a sine signal Hertz (Hz) 
lid Frequency of an inner race defect Hertz (Hz) 
fod Frequency of an outer race defect Hertz (Hz) 
fre Frequency of a rolling element defect Hertz (Hz) 
Is Frequency of a shear wave Hertz (Hz) 
hi} Radius of the topological neighbourhood around the -------------------
winning neuron 
k Spatial frequency Radian per metre 
(rad.m· l ) 
kr Constant depending on load and clearance in a -------------------
rolling-element bearing 
m Dimensions of an input space -------------------
mJ Microphone 1 -------------------
mz Microphone 2 -------------------
m3 Microphone 3 -------------------
md Distance between microphones 1 and 2 Metre (m) 
n Number of samples -------------------
nb Rolling-element bearing's ball speed Revolutions per 
minute (rpm) 
ne Cage speed Revolutions per 
minute (rpm) 
nd Distance between microphones 1 and 3 Metre (m) 
no Leading outer race speed Revolutions per 
minute (rpm) 
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nr Rolling-element bearing type dependant factor ---.---------------
p Perturbation variable (pressure) Pascal (Pa) 
qmax Maximum load (distribution) applied to a rolling- Newton (N) 
element bearing 
r Order of a statistical moment Mc -------------------
ra(i) Point in a reconstructed attractor -------------------
rh Radius of a hypersphere centred at ra(i) -------------------
r[ Radius of the spherical Laplacian operator ------------------. 
s Integer representing an harmonic term ---.---------------
t Time Seconds (s) 
tA Moment of shift from normal rolling-element Time 
bearing to rolling-element bearing remaining life 
t8 Moment of point of failure of a rolling-element Time 
bearing 
u Velocity of a wave as a perturbation variable Meter per second 
(m.s· l ) 
Vg Group velocity Metre per second 
(m.s· l ) 
vp Phase velocity Metre per second 
(m.s· l ) 
Vsound Velocity of a sound wave Metre per second 
(m.s· l ) 
Vw Wave velocity Metres per second 
(m.s· l ) 
x Spatial component of a sine wave Metre (m) 
Xl x-coordinate component of an acoustic source Metre (m) 
compared to the origin sensor ml 
Xe x-coordinate component of an acoustic source Metre (m) 
position retrieve by a neural network 
Xg x-coordinate component of a measured acoustic Metre (m) 
source position 
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Xn Discrete condition monitoring state -------------------
Xk One sample point in a signal -------------------
Yl y-coordinate component of an acoustic source Metre (m) 
compared to the position on the y-axis of sensor m3 
Ye y-coordinate component of an acoustic source Metre (m) 
position retrieve by a neural network 
Yg y-coordinate component of a measured acoustic Metre (m) 
source position 
Zl Distance from an acoustic source and microphone I Metre (m) 
zz Distance from an acoustic source and microphone 2 Metre (m) 
Z3 Distance from an acoustic source and microphone 3 Metre (m) 
.1 Sampling period Second (s) 
.1/ Bandwidth of a sensor at 3dB around its resonance Hertz (Hz) 
frequency 
L1Wib Constant window size used to split the time signals Samples 
evenly 
L1Wis Window size used by the condition monitoring Samples 
algorithm 
'\7 2 Laplace operator -------------------
'P,2'P Half of angle and angle of load distribution that can Degree C) 
be supported by a rolling-element bearing 
'P1rU1X Maximum half of angle of load distribution that can Degree (0) 
be supported by a rolling-element bearing 
'Pm.n Discrete mother wavelet -------------------
'P(t) Normalized roIling-element bearing faulty condition -------------------
cp Cumulative sum of vector X with evolution of time -------------------
a Angle of contact of balls inside a rolling-element Degree (0) 
bearing 
ae Complex initial phase Radi an (Rad.) 
Ps Complex initial phase Radian (Rad.) 
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b Total deformation at point contact Metre (m.) 
bmax Maximum deformation occurring in a rolling- Metre (m.) 
element bearing 
bir Deformation of the inner race at point contact Metre (m.) 
bk Deformation for point contact Metre (m.) 
bor Deformation of the outer race at point contact Metre (m.) 
bV Crack volume Cubic metre (mj ) 
b('Jf) Deformation distribution in a rolling-element -------------------
bearing 
e Load distribution factor -------------------
(Js Standard deviation -------------------
(Je Equilibrium stress level Newton (N) 
e Angle of propagation in a spherical Laplacian Degrees (") 
operator 
rp Azimuth angle of wave propagation in a spherical Degree (0) 
Laplacian operator 
f1 Shear modulus of a material N.m".rad·' 
v Poisson's ratio of a material -------------------
p Propagation medium density ---.---------------
v Frequency component of a sine wave Hertz (Hz) 
y Decaying rate of an exponentially decaying signal in ---.---------------
the space domain 
K Decaying rate of an exponentially decaying signal in -------------------
the time domain 
, Difference of arrival time of an acoustic source Seconds (s) 
between two sensors 
'12 Difference of arrival time of an acoustic source Seconds (s) 
between sensors 1 and 2 
'13 Difference of arrival time of an acoustic source Seconds (s) 
between sensors 1 and 3 
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Ts Time between two successive samples Seconds (s) 
W Angular frequency Radian per second 
(Rad.s· l ) 
Wo Angular frequency specific to the type of wavelet Radian per second 
used (Rad.s· l ) 
A Wavelength Metre (m) 
h Lyapunov exponent -------------------
As Wavelength of a shear wave Metre (m) 
I; Displacement of a wave as a perturbation variable Metre (m) 
Yf Learning rate -------------------
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Acronyms 
NO Analog to Digital conversion 
AE Acoustic Emission 
ALE Adaptive Line Enhancer 
ANC Adaptive Noise Cancellation 
ANN Artificial Neural Network 
BBP Broad Base Proactive Maintenance 
BSS Blind Source Separation 
CBM Condition Based Maintenance 
COMMS Computerised Optimal Maintenance Management System 
CM Condition Monitoring 
CWT Continuous Wavelet Transform 
DWT Discrete Wavelet Transform 
FFf Fast Fourier Transform 
FWN Fuzzy Wavelet Network 
HFRT High Frequency Resonance Technique 
IC Independent Component 
ICA Independent Component Analysis 
IMP Integrated Mail Processing machine 
IOM Integrated Optimal Maintenance 
LSM Letter Sorting Machine 
NBA Neural Bearing Analyser 
NN Neural Network 
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PCA Principal Component Analysis 
PM Preventive Maintenance 
PdM (orPRM) Predictive Maintenance 
RBF Radial Basis Function 
RBMlRCM Reliability Based! Centred Maintenance 
RM Royal Mail 
RMS Root Mean Square 
RRLM Reliability and Residual Life Monitoring 
SNR Signal to Noise Ratio 
SOM Self-Organizing Maps 
STFf Short Time Fourier Transform 
TPM Total Productive Maintenance 
USPS United States Postal Service 
WNN Wavelet Neural Network 
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1 INTRODUCTION 
1.1 Problem formulation 
Royal Mail operates a large number of mail-processing machines implemented in seventy-
three mail centres throughout the United Kingdom. 
One of the mail processing machine's main functions is to transfer the mail to the different 
points where it is processed and sorted in term of address destination, type of stamp, etc. 
This action is realised by numerous belts travelling throughout the whole system and a 
plethora of rolling-element bearings enabling the translation movement of the belts. 
Frequent failures of these elements represent a considerable issue in terms of cost since 
Royal Mail spends £2.6MI a year towards replacing rolling-element bearings. The actual 
maintenance policy in this area is mainly on a reactive basis. It means that the rolling-
element bearings are often replaced only when they have failed. Such practice leads, in 
I Figure provided by Simon Weston, Maintenance development manager at Royal Mail, York 
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particular, to dramatic losses of production during critical production times: for example, 
these costs, both direct and indirect, were calculated on certain processing machines at the 
United States Postal Service (USPS) to reach £34,800 per hour during a machine's 
breakdown [I]. 
1.2 Proposed solution 
Hence a total productive maintenance (TPM) policy is being developed at RM to increase 
machine throughput capacity (less unexpected machine breakdown during the production 
time), eliminate production buffer stocks and reduce maintenance costs. To achieve the 
goals set by such a policy one would require to monitor every element and predict their 
impending failure so that remedial action could be undertaken, before the failure, during 
pre-set maintenance time. Predictive maintenance (PdM) enables just that. For example, 
[2] implemented at the French postal service, La Poste, an automated Predictive 
Maintenance policy to assess the condition of mechanical elements that have a high impact 
on loss of production and non-availability in case of failure, which resulted in an annual 
saving of 95% of the previous costs and high machine availability during the production 
time. [3], from the American USPS, on their side discussed the implementation of a 
Predictive Maintenance (PdM) system where the data and computation were made 
manually. They made in addition a study showing that 33% of maintenance costs are 
unnecessary and that the current body of literature estimates a net benefit to be 20% to 
40% of the total annual maintenance budget for an organization, depending on the industry 
and the type of PdM used; adding that some industries have seen results as high as 60%, 
while a few others have seen results of around 15%. 
Condition Monitoring is a technique from the TPM policy. This technique deals with 
checking the condition of an element in situ while in operation. 
Rolling-element bearings release acoustic waves, vibration and acoustic emission while 
rotating. These resulting stress waves vary according to the rolling-element bearing's 
degree of wear and load. Monitoring these signals and extracting useful information from 
them has proved to be very efficient as long as only a few elements are monitored 
. simultaneously. 
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This thesis will concentrate on making a study of the different types of stress waves, 
possible techniques and processing methods. This will enable a roIling-element bearing 
condition monitoring technique as robust and flexible as possible to be implemented. 
1.3 Objectives 
The first objective of the project is to develop a diagnostic tool able to monitor the 
condition of several roIling-element bearings enclosed in an Letter Sorting Machine 
(LSM) simultaneously (Figure 1) in an industrial environment such as mail sorting centres 
where a large amount of noise exists. In addition, the tool must be flexible enough to stand 
future upgrade of the LSM such as a further increase in the roIling-element bearing 
quantity. For that the system must be able to adapt itself and learn with time to guide the 
maintenance engineers in a consistent and stable manner through an optimised fault 
diagnostic process. Finally, the aim is to create a system able to work in synergy with other 
condition monitoring techniques developed in parallel with this project by other 
researchers. Hence, the goal is to create a data and sensor fusion tool, integrating various 
technologies of sensors. This will enable the creation of a redundant diagnostic which is 
very robust to sudden failure of any sensor to be created and may also increase the 
confidence of diagnosis if multiple sensor technology analysis answers converge towards 
the same fault diagnostic. The other research projects deal with firstly monitoring the 
increase of temperature of various elements with the occurrence of various faults by 
thermal imaging and secondly with monitoring the degradation of the condition of the 
belts wrapped around the roIling-element bearings through their slippage and tension or 
degree of stretching. 
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clement bearings 
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Iranspor1 mail 
Figure I: An LSM and some of its numerous rolling-element bearings 
1.4 Research Thrusts and Novelty 
Royal Mail operates mail-processing machines in seventy-three mail centres throughout 
the country with several IMPs and LSMs in each centre. More than one hundred rolling-
element bearings are rotating inside each machine to transmit a translation movement to 
mail-transport belts: for example the IMP has in excess of 700 rolling-element bearings 
and 300 belts ([4)). To predict their failure and change them outside of the cri tical periods 
of production, it is expected to implement some sensors to monitor their condition. The 
cost of implementing one highly sensitive sensor for each rolling element would be 
hopelessly expensive. It was felt that reducing dramatically the number of sensors would 
be necessary fo r implementing a Condition Monitoring policy at Royal Mail. For the past 
ten years, several expensive unsuccessful attempts have been made to use Acoustic 
Emission sensing elements to monitor multiple rolling-element bearings at a time ([4)). 
This is corroborated by the fact that the present state of the art presented in various 
literature enab les location of a few mechanical elements from the stress wave signals they 
release. Indeed, recovering every signal from a mixture of signals appears to be a harder 
task every time the number of signals increases. Once this technical problem is resolved it 
should be relatively easy to determine each source original location. For example [5-14) in 
their respective papers discussed signal separation methods involving a larger or equal 
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number of sensors than monitored sources. [I S1 however appears to be the first to be able 
to obtain parti al in formati on (time delay of their em itted stres waves to arri ve at differen t 
senso rs gi ving their spatial location as ex pl ained late r) o f more sources than the number of 
sensors in use. In their experiments, they can retrieve the time delay of three sources with 
onl y two sensors by process ing a mixed signal generated by computer. Such 
simpli ficati on, however, does not take into account numerous obstac les obstructing the 
propagation of an acoustic wave that may corrupt the signal co llected from rolling-element 
bearings in an industrial machine. Acoustic signals refl ected against obstac les would result 
in echoes spoiling a signal of interest. Also, high amplitude background noises 
encountered in industri al environments could be another source of nuisance. It is expected 
ultimate ly to monitor more than three ro lling-element bearings with onl y three sensors. 
Consequentl y, monitoring four or more rolling-ele ment bearin gs using fewer low cOSt 
sensors than monitored rotating elements is the major intended contribution to knowledge. 
1.5 Methodology 
The methodology used in thi s research will be to de fine the needs o f the sponsor then 
determine the limits and boundaries of the project. For that, a comple te literature review 
will be necessary to li st the methods, hard ware, process ing techniques, soft ware and 
phys ical phenomena invo lved, monitored and under conside rati on in the Condition 
Monitoring fi e ld . Hav ing laid down the necessary info rmation, in fo rmed decis ions will be 
taken for the rest o f the project. After boundaries are defined and havi ng learnt about the 
Condition Moni toring fi eld , the overall project goal will be split into basic funct ions fo r 
c larity. The method proposed will be established by making experime nts starting with a 
simple case involving a single rotating rolling-e lement bearing in a s implified test rig. 
Once an effi cient method has been developed to resolve the bas ic issues arising fro m the 
simple case, the method will be extended to more complex and realisti c cases. It is finall y 
intended to install the developed technique in a real machine to reso lve the problems 
ari sing when moving from a laboratory to an industri a l environment. 
1.6 T hesis outline 
The thesis is organi sed as follows. A literature rev iew exercise will be presented in 
Chapter 2 to discuss the state of the art in the Condition Monitoring fi eld related to rolling-
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e lement bearin gs. It will retrace the hi story of thi s fi eld along with a comprehensive 
rev iew of all the relevant aspects linked with the treated subject. The thread of the 
discussion will include the following topics: 
I . ro ll ing-element bearing spec ification; 
2. types of faults li kely to appear in a working rOiling-element bearin g; 
3. phenomena occurring fo llowing a subsequent fl aw: re lease of stress waves; 
4. stress wave propagation and parameters influenc ing the propagation characteri s ti cs; 
5. speci fi cati on o f the sensors that will generate a signal proporti ona l to the stress wave 
monitored; 
6. importance of senso rs to spati al locali zation; and 
7. hardware, so ftware and techniques used to process the s ignal and find informati on 
about the locati on and state of the monitored rolling-element bearin gs. 
Then the issues to be solved and the gene ral method to be developed during thi s project 
wi ll be discussed. Thi s will be fo llowed by di scussion on the features that need to be 
developed given that they we re not answe red or deve loped in the lite rature review. This 
latest po int wi ll show the novelty of the present work. In the final stage of thi s chapter, we 
wil l see the reasons why this project is cu rrentl y runn ing. The advantages and possible 
applications will be discussed. 
Chapter 3 will first specify the methods c hosen from the literature review . The se lecti on 
meth odology will be given. From these explanati ons the ex perimentat io n methodology 
will arise naturall y thus givi ng the logical sequence of actions. Then a fea ibility study wi ll 
be undertaken to show first-hand some of the capab il ities of the se lected methods such as 
the sensitiv ity of the microphones used to record stress waves from a mechanica l system, 
the tes ts on tri angulation, and the Neural Netwo rks capabilities to be able to locate 
efficientl y an acoustic source. Then it will introduce the experime nts launched by using 
acoustic stress waves. It will show the capability o f thi s method to locate and monitor a 
si mpli fied case where the system unde r investi gation holds onl y one rO iling-element 
bearing. 
Chapter 4 will present the ex periments used to extend the method presented in C hapter 3 
to the location of multiple rolling-element beari ngs in a test-ri g (laboratory environment). 
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Chapler 5 will present experimen ts made to assess the condition of the located rolling-
element bearings and the implementation of the developed method in an industri al 
environment. 
As a result. Chapler 6 will di scuss the difficulties encountered durin g the experiments . It 
will also present both the streng ths and the limitati ons of the developed method. The 
contributions to the data and sensor fusion policy will be di scussed. 
Chapter 7 wi ll li s t the contributions of the thesis by demonstrating that the goals set at the 
beginning of the thesis are met. 
Finally. Chapter 8 will suggest directions for further work. 
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2 STATE OF THE ART IN ROLLING-ELEMENT 
BEARINGS CONDITION MONITORING 
2.1 Condition Monitoring and Maintenance Control 
2.1. 1 Maintenance methodo logy 
The overall objecti ve of maintenance is to e nsure that a machine or process can perfo rm its 
required funct ion [1 6] . Bes ides Condition Based Maintenance (CBM) the re is a variety of 
o ther maintenance strategies such as breakdown maintenance, plan ned maintenance, 
predicti ve maintenance, corrective main tenance, etc. All the maintenance strategies 
coll ectively may be called maintenance management [ 17]. 
Comparatively, the CBM strategy is nowadays more attrac ti ve because of its cost-effecti ve 
benefits. It is able to exploit the max imum running time of a machi ne o r process and yet 
keep the maintenance cost to a minimum. The key in CBM is know ledge of the conditi on 
of the mach ine which is obtained by e mploy ing vari ous monitorin g techn iques that 
constitute the so-call ed 'condition monitoring' . Common condition mon itoring tech niques 
include visual inspection, performance monitoring, trend monitoring, vibrat ion monitoring, 
acoust ic mon itoring, thermography and tribology analysis. 
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These monitoring techniques should be employed to obtain a certain value characterising 
the present condition of a monitored system. For instance [18] estimates that one should 
use a machine with respect to its current condition. The plotting of successive condition 
values in the time domain would enable a graph representati ve of the evolution of 
condition of the running system to be obtained. Equipment should be maintained only 
when its condition crosses a warning or an alarm level as shown in Figure 2. 
CRlTICAL LEVEL (FAILURE) red 
ALARM LEVEL 
WARNING LEVEL 
green 
Random function 
Time 
Figure 2: Contro l parameter levels in maintenance (rand w: two-level maintenance strategy; f, a and 
w: three-level maintenance s trategy. Colours in rectangles allow an Operator to visually assess the 
current condition of machinery. 
As illustrated in Figure 3 the leading edge in machinery maintenance is Reliability and 
Residual Life Monitoring (RRLM)TM This procedure is one step ahead of "Total 
Productive Maintenance" and another step towards the ultimate goal of maintenance 
integrated Optimal Maintenance (JOM)® as it is built on extensive use of sophisticated 
mathematical methods of random functions theory and optimal contro l, reliabili ty theory 
of large redundant systems, fuzzy logic, neural networks and geneti c algorithms packed in 
a sophisticated expert system [1 8]. 
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Figure 3: Contemporary classification of machinery maintenance systems [1 8 ] (R.,: reliability, Cm: 
generalised overall maintenance costs) 
This latter procedure can be conceived as being pan of a Mechatronics ph ilosophy. lndeed 
as [19] points out Mechatronics is defined as the synergistic integration of mechanica l 
engineering wi th electronics and intelligent computer contro l in the des ign and 
manufacture of products and processes. In the present case, the rolling-e lement bearings, 
being independent mechanical systems, ha ve to be monitored with sensors, whose signals 
have to be conditioned with e lectronics and by software act io n, the n an intelligent 
computer program has to make sense of the sensor s ignal s to determine the damage stage 
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of rOiling-element bearing and take a maintenance dec ision by predicting the future 
behav iour of the monitored element. The developed monitoring system is expected to 
e nhance the maintenance tasks and reduce the maintenance staff presence during the 
maintenance inspection time and error of fault di agnosti c based on each human pe rception. 
Li kewise the number of unex pected criti cal e lement fa ilures is ex pected to be dramati call y 
red uced thus reducing the unnecessary tress on machine parts directly affected by a 
ro lling e le ment failure leading to an improved global mean time between failure (MTBF). 
This global MTBF, as suggested by [1 9], could be impro ved by the integrati on of 
e lectronics and computer control. 
2.1.2 Predicti on of rOiling-element bearin g remaining life 
Like o ther machines , the purpose of rolling-element bearin g di agnosti c and conditi on 
monitorin g aim to identify the poss ible faults from the anal ys is of observati ons. Most 
analys is methods , at best, offer results concerning the location and seve rity of faults. 
However few methods provide the bounds of rolling-ele ment bearing remaining life of 
trac ing changes ([20]) or named as Reli ability and Remaining Life Monitoring (RRLM) in 
Figure 3 provided by [18]. 
[n practice, information about a rolling-element bearing's remall1lng life is more 
fa vo urable to di agnose results . With the in fo rmation about ro lling-elemem bearin g 
remaining life, optimal maintenance acti ons can be scheduled so as to take most ad vantage 
of ro lling-e lement bearings service. 
The rolling-element bearin g remaining life is de fined as the time interval be tween the 
earliest sign of rol ling-element bearing state change (failure) and the point to which 
rolling-element bearing is in total failure stage. Figure 4 shows the so-call ed P-F 
representation of ro lling-element bearing re maining life ([21]) . 
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Figure 4: Rolling-clement bearing remaining li fe P-F Curve 
Time 
In this P-F representation , the rol ling-element bearing life is judged according to its 
operation efficiency in which new rOiling-element bearings are often rated 100%. After a 
certain time in service, the earl iest sign of fa il ure is detected using CM technique at the 
poin t P ("Pote ntia l failure"). The location in time of the point P wi ll vary accord ing to the 
CM technique used. After pas ing the point P, the running condition of the rolling-element 
bearing is graduall y deteriorating. More Ign of fa il ure such as vibration , noise 
temperature and smoke could be detected by re levan t monitoring techniques. When the 
roll ing-element bearing condi tion reaches poin t F ("Functional fa ilure"), the tota l fa il ure 
stage is reached. So the rolling-element bearing remaining li fe is termed as the time 
interval from P to F . 
A more common representation of rolling-element bearing fai lure IS through roll ing-
element bearing health development curve ([20]) shown in Figure 5. 
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Figure 5: Rolling-element bearing development curve 
In thi s model the ve rtica l index 'ffl} represents normali sed ro lling-e le me nt bearing faulty 
condition development changing with operating time. For good rOll ing-element bearings 
'fft) is rather small and for faulty rOlling-element bearings 'ff l) is large . 
The index can be expressed, usi ng the cond iti on moni toring vector X = [x" x2 , ... ,x, l' , as : 
If/(t ) = q;(X ,t) ( I ) 
In thi s mode l, a set of condition monitoring vari ables is collected and analysed 
continuously and the result is co nverted into the index 'ffl}. From the beginning o f the 
rO lling-element bearing service to point Ac, the index increases graduall y. This time 
interval is labe lled as rolling-element bearing normal life. From point Ac (normal ) to point 
B (fa ilure), the index increases sharpl y_ This interval is called rolling-e lement bearing 
remaining life. Hence the aim o f rolling-element bearing life predic ti on is to determine the 
interval from point Ac to point B. Depending on the condition and fault severity, the model 
can be linear, polynomial , exponenti al or compound [20]. Rolling-e lement beari ngs in this 
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di scussion are a sub-assembly o f a larger system. They have their own P-F, normal and 
remaining li fe curves. 
2.2 Rolling-element bearings 
Mechan ical systems usua lly require transmission of movements of e ither rotation or 
translation (Figure 6) between di fferent parts in order to achieve predefined tasks. 
(a) ( b) 
Figure 6: (a) translation movement; (b) rota tion movement 
These movements can be achieved simply by putti ng d irectly in contact two elements 
moving relatively to each other. However it appears that, at the microscopic level, any 
structure has a certa in degree of surface roughness whatever the surface fini sh applied 
[22]. Hence frictions will appear at the contact point of two surfaces travelling separately. 
This is what happens in a metal-to-metal contact as pictured in Figure 7_ 
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Figure 7: A metal-to-metal contact induces a parallel strain component leading to friction 
The friction created will have an abras ive effect on the different moving parts leading to a 
change of the ir geometric dimension and their rapid wear along with additional power 
consumption and thermal losses. 
Adding a lubricant between the surfaces is one method to reduce the magnitude of the 
strain component in Figure 7. This lubricant will limit significantly the friction by creating 
a film between the boundary of each material and filling the materials microstructures. 
To produce smoother, more precise, effi cient and robust movements, one can then 
implement rolling-element bearings that will act as a translation or rotation interface. 
Rolling bearing elements are generally mounted with balls, roll ers, cones or needles 
inserted between two races and maintained by two cages. This assembly allows one race to 
roll on the second race and has the advantage of reducing the surface of contact from a 
plane (Figure 8-(b)) to almost a point (Figure 8-(c)) for ball bearings and a line for the 
other types of rolling elements (Figure 8-(d)). Friction is further reduced with the addition 
of a lubricant in the balls area. 
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Outer race 
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(c) ... 
Figure 8: (a) rolling-clement bearing elements and strain components for: (b) a pla ne, (c) a ball and (d) 
other types of rolling clement 
The inner race of a rolling-element bearing is mounted on a shaft and the outer race is 
connected to a pulley. Ei ther the inner or outer race can be the rotating element while the 
other race remains sti ll. Whi le it is common to find pulley assemblies with a single ro lling-
element bearing, the preferred approach is to use an assembly containing several rolling-
element bearings on a single shaft to spread more evenly the load applied on a long pulley. 
An example of long pulley is shown in Figure 9. 
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Figure 9: Pulley with two roiling-clement bearings 
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In Royal Mail 's Integrated Mail Processi ng machines there are numerous pulleys 
contai ning two rolling-element bearings (ball-bea rings). Each of these is regularl y replaced 
as a result of a bearing element failure_ The mean life expectancy of a rolling-element 
bearing, which is generally a value provided by the manufacturer, often lies between 5000 
and 10000 hours. However the actual life may be dramati cally reduced depending on the 
load and angular velocity app lied to the assembly, the concentration of abrasive paper dust 
into the surrounding air, ambient humidity level , ambient temperature, shocks induced to 
the rolling-element bearing during the replacement stage, etc . The damage mechanisms on 
the bearing elements causing the complete assembly to fail are discussed in the nex t 
paragraph. 
2.3 Defects in roll ing-element bearings 
2.3. 1 Failure mechanisms 
2.3.1. 1 Material failure mechanism 
To stud y rolling-element bearings fai lures, it is important to know the fa ilure mechanism 
of the materi als they are made of. Hence, as shown in Figure 10 [23] , a material goes 
through three different phases when a load is applied to it: first it will compress or ex tend 
in an elastic fashion according to a linear relationship referred to as Hooke's law. Then, 
when the load app lied reaches a certain value A cp that corresponds to the elasti c limit of 
the material , e lastic failure and so plastic deformation occurs which , unlike elastic 
deformation , is an irreversible process. Finally after reaching its plastic limit at point Bph. 
plastic failure occurs leading to a ductile tearing and the separation of the material lattice 
thus leaving a growing crack. 
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Figure 10: Material failure curve 
C rae k 
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A strained material will emit stress waves at each of these phases. Among these stress 
waves , Acoustic Emission (developed late r on) is sa id to occur first. [24), who made an 
ex tensive stud y of AE, explains that a variety of mechanisms have been discovered for the 
generation and source characterist ics of the AE phenomenon. Among crack nucleation and 
propagation, moving di slocat ion, grain boundary sliding, fracture, magnetic domain 
realignment and phase transformation are found. 
It has been recognised that a unified explanati on of AE sources does not ex ist due to 
var ious generation mechanisms. For example, [23) proposed a linear AE model to describe 
micro-crack development, then [25) proposed another model in determining the acoustic 
emiss ion wave number in which the acoustic em ission wave (or energy) obeys the ninth 
power relati onship with stress; [26] studied the material released energy in the case of 
boundary sliding, etc. 
2.3. 1.2 ROlling-element bearing fai lure mechanisms 
Basicall y the generation mechanism of acoustic emission produced by rOlling-element 
bearings is simi lar to that of materials. In both cases, AE waves are produced by rapid 
release of stored energy. The difference is that acoustic emiss ion wave released by 
materials is due to gradual increase in stress until it reaches a certain level. 
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So far as rolling-element bearings defects are concerned , there are two primary 
mechanisms that lead to their fa ilure : 
I. subsurface cracking; and 
2. race impacts. 
2.3. 1.2.1 Subsulface cracking 
This firs t mechanism is attributed to the Hertz ian con tact stress [27,28] (further discussed 
in the Appendix) developed by a loaded roller element in contact with the inner and outer 
races . The fatigue loading created by the motion of the roller element induces subsurface 
crack nucleation and growth. The incremental ex tension of these cracks during a load 
cycle releases strain energy, wh ich propagates throughout the bearing s tructure in the form 
of a stress wave. Eventually, these subsurface cracks join and grow to reach the sur face of 
the race. This results in a loss of material , known as spall , from the race [29,30]. 
2.3. 1.2.2 impacts in rolling-element bearin.gs 
Race impacts are induced by the loaded rolling element encoun teri ng spalls in one of the 
races (Figure II -(a)) or from a defect on a rolling element (Figure II -(b)) as di scussed by 
[3 1] . These defects create impulsive load on the races thus generating broadband stress 
waves. The repetition rate of these impacts will be at a frequency that is unique for a given 
bearing geometry and rotation speed. 
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Inner race and baUs 
Figure 11: Frequent types of rolling-element bea ring defects: (a) On a raceway; (b) on the ba ll bearing 
Measurement of the impulse repeti tion frequency can provide information from which the 
location of a defect can be identified within the bearing structure [29,30]. 
A rolling-element bearing acts as a source of vibration and noise due to either varying 
compliance or the presence of defects in them. Radially loaded rolling-e lement bearings 
generate vibration even if they are geometr ically perfec t due to the use of a finite number 
of rolling elements to carry the load . The number of rolling elements and their position in 
the load zone change along bearing rotation, giving rise to a periodical variation of the 
total sti ffness of the rolling-element bearing assembly. This variation of sti ffness generates 
vibrations commonl y known as varying compliance vibrations. When the bearing races are 
assumed as continuous systems, the changi ng direction of the contact fo rces applied by the 
ro ll ing elements may cause fl exural or ring-mode vibration of the race even if they are 
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geometricall y perfect. However, the presence of a defect causes a significant increase in 
the vibrati on level. ROlling-element bearing defects may be categori zed as "distributed" or 
"local". 
2.3.1.2.2.1 Distributed defects 
Distri buted defects include surface roughness, waviness, misaligned races and off- size 
rolli ng e lements. The surface features are considered in terms of their wavelength 
compared with the Hertz ian contact width of the rolling element raceway contacts as 
di scussed in the appendix section. Surface features of wavelength of the order of the 
contact width or less are termed "roughness", whereas longer-wavelength features are 
termed "waviness" ([32]). [33) indicate that frequency limit in which wav iness produces a 
signi fican t vibration level has been found to be below s ixty times the rotational speed. 
Manufacturing error, improper installation or abrasive wear are the principal causes of the 
di stributed defects. The variation in contact force between rolling elements and raceways 
due to distributed defects leads to an increased vibration level. 
2.3.1.2.2.2 Localized defects 
Local ized defects include cracks , pits and spall s on the rolling surfaces. The dominant 
mode of fa ilure of rolling-element bearings is spalling of the races or the rolling elements 
[33 ,34]. Fatigue fai lure may be expedited by overl oading or shock loadi ng of the bearings 
during running and installation . Electric pitting or cracks due to excessive shock loading 
are also among the di fferent types of bearing damage. Whenever a local defect on an 
element interacts with its mating e lement, abrupt changes in the contact stresses at the 
interface generate pulses of very short duration. The vibrations and noises generated by 
these pulses will indicate, during the condition monitoring process, the presence of the 
pulses generating defect as wel l as its severity [33) . 
2.3. 1.2.3 Rolling-element bearing vibration based fault 
Traditionall y, condition monitoring of rotating machinery focused on the analysis of the 
recorded data and then the result was compared with Cl priori knowledge such as roll ing-
element bearing characteristic frequencies . In recent years, the investigation of ro lling-
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element bearing fault models has been carried Ollt in an effort to understand the fault 
mechanisms_ 
Basically, the fau lts in rolli ng-element bearings are related to the accumulation of stress 
due to ex ternal load and its di stribution characte ri stics. A typical load distribution for a 
ball-bearing as given by [8,3 I ,35,36), and shown in Figure 12, may be expressed as: 
1 
[ I ]'" () q ,,~, I--(I-coslf/) forllfli~If/=, q If/ = 2t: 
o elsewhere 
(2) 
in (2), n is a bearing type dependent factor. For example, for ball -bearings, n= 1.5 whi le for 
rolling-element bearings, n= I. I I. 
q lIIax 
Figure 12: n ail bearing load distr ibution 
In the case of ball-bearings, (28) explains that the maximum load di stribution can be 
approximated by: 
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k, F, 
Qm.1X = N 
b COSa' 
(3) 
The constant k, depends on the load and clearance [35]. For example, under pure rad ial 
load and zero c learance k,.=4.37. Under the nominal diametral clearance in ball-bearings 
k,.=5. 
[37] indicates that the fluctuation of load distribution is related to the rolling-element 
bearing's rotating shaft. For example, when the inner race rotates, the instantaneous load is 
a function of the bearing shaft frequency in which If! is substituted by 21lji,I. 
Likewise, the di stribution of contact deformation surface (4) follows a similar formul a as 
in (2) 
for l¥'i ~ V',,~, (4) 
elsewhere 
From equations (2) and (4) , the relationship between load and deformation distribution can 
be deri ved as 
(5) 
This ind icates that the surface deformation is directly related to the di stribution of load. 
It can be seen in the equilibrium state in Figure 12 that the summation o f distributed load 
in the horizontal direction should be equal to the external load [35] as: 
(6) 
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Based on the load di stribution , the response wi th respect to load exci tation can be 
obtained. For instance, [33] derived the response fo r bearing defect in inner race and outer 
race. The spectra of these responses are dominated by bearing characteri stic frequencies 
and their harmonic. 
Similar to rolling-element bearing vibrat ion characteristic frequencies as di scussed in 
secti on 2.3.2, the AE signals generated by rolling-element bearings can al so be 
characterised by the nature of bearing contact (c! section 2.2). 
For example, if the AE source is located on the inner race as illustrated in Figure 13, then 
the interval between every AE pulse is dependent on ball pass inner race frequency as: 
T = 2 I 
U' N+ ( d ) b J b 1+ D cosa (7) 
Accordingly, the intervals due to other AE locations can be derived in a s imilar manner 
simply by inverting the relevant characteri stic frequencies. 
AE sources 
Stress wave di splacement 
Figure 13: Model of AE transmission 
A typical AE event against interval is plotted in Figure 14 
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Figure 14: An illustration of AE events count 
In the above fig ure, AB intervals events over time are determined by their corresponding 
bearing characteri stic frequencies such as the ones given in equation 10. 
The amplitudes of AE events rely on the number of AE counts and severity of AB events. 
The above distribution of bearing related AE events count has been confirmed by both 
theoretical analysis and experimental test results [38,39]. 
However it should be noted that, according to [40], 46% (including faults references 1,2 
and part of 10) of the ten most recurrent roll ing-element bearing faults (as listed in Table 
I) might provide no vibration at all. 
Reference Defect type Percentage (%) C umulative product 
I Lack or improper lu brication 26 26 
2 Loose or improper bearing mount 17 43 
3 Single spall - outer race 12 55 
4 Cage defect 10 65 
5 Multiple spalled outer races 9 74 
6 Single spall- inner race 8 82 
7 Multiple spalled inner races 7 89 
8 Damaged balls or rollers 5 94 
9 Contaminated or eroded surfaces 2 96 
10 Other miscellaneous defects 4 100 
Table 1: Top 10 rolling-clement bea ring defects by selected type [40] 
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2.3.2 De fect signals released by rOiling-element bearings 
As indicated in the " rOiling-element bearings failure mechanisms" discuss ion, an element 
of a ro lling-element bearing striking a defect generates stress waves in the fo rm of a series 
of elastic energy pulses. These pulses have particular lengths that excite the natural 
frequency of bearing e lements and housing structures by matching their respective 
wavelengths. The excitation of the natural frequencies, being a broadband phenomenon, 
produces stress waves in the form of natural frequencies and resonances from a few Hertz 
up to I MHz [7,4 1) . This broadband signature can be split in different frequency bands: 
I . above 50 kHz and known as continuous Acoustic Emission (AE); 
2. pulsed Acoustic Emission above 20 kH z; 
3. vibroacoustic waves below 20kHz; and 
4. infrasound below 20 Hz. 
The energy of the pulses emitting from the defect depends on the bearing material , nature 
defect and the transmission path in the structure (29) or in the surrounding environment 
[42-45). In addition , the proportion of elastic waves for (46) varies with the nature o f the 
stress wave source, location and rate of release. Since the repetitive freq uency of the pulses 
rests on the location of the bearing e lements defect , such as on a ball , outer race, inner race 
or cage, the rolling element's passage frequencies can be readily calculated from the 
known dimens ions of the bearing and the rotating speed. These freq uencies will be li sted 
later on. The fundamental pulse, associated with an e lement of a rolling-element bearing, 
at repetiti ve frequency and its harmonics are visible when the damage is relatively large. 
The repetitive pulse duration related to the microscopic defects of the bearing are very 
short (IlS) and consequently have low vibration amplitude. Such short time is of the order 
of a few hundred kHz. As the defect progresses, the pulse duration and amplilLlde both 
slowly increase [47], as the s ignal frequency proportionally decreases. At advanced stages 
of damage, the bearing surface develops larger defects thus generating a large amount o f 
vibroacoustic stress waves capable of acting significantly on the lowest frequencies related 
to the supporting structure and bearing housing. 
In addition to thi s, a rolling-element bearing will naturally produce vibroacoustic signals 
when rotating. For instance, each element such as balls, races and cages will generate the ir 
own signature in the frequency band related to their frequency of rotati on. Hence among 
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the frequencies generated by each element, the highest rotating component frequency is 
related to the balls such as: 
f",=f*N b (8) 
As an example, whenf= SO Hz (3000 rpm) and Nb = 10 balls, then j,,, = 500 Hz [29]. 
Another event occurs with the emission of every signal. When recording a s ignal, every 
frequency is associated with a series of frequency being integer multiples of the frequency 
under consideration. The original frequency is called the fundamental frequency whereas 
the other frequencies are called upper harmonics. These upper harmonics could be coming 
fro m an element of a rolling-element bearing or another part of a surrounding element. 
They often generate a significant amount of vibration energy in the frequency band named 
the low frequency band situated below SO kHz [7,29]. As pointed out by [29] the noise 
level in thi s frequency band can greatly exceed the amplitude of the signal re leased by a 
roller element bearing under stud y. This effect is labelled as the masking effect by 
[29,33,47]. This phenomenon is said to act below 10 kHz for [47] and SO kHz for [33] . 
However the latter unlike [29] assert that the rolling-element bearings' resonances are 
rarely s ignificantly altered even if the way in which they are affected on assembly into a 
full bearing and mounting in a housing is difficult to quantify. It means that the diagnostic 
of the condition of a rolling-element bearing based on the signal it re leases can become a 
daunting task. 
Many papers discuss the monitoring of the condition of rOlling-element bearings by 
process ing their stress wave signature. Some present methods using lower frequency 
components to take advantage of the high signal amplitude wh ile others (e.g. [48-50]) 
prefer, despite cO llecting signals of lower amplitude, to investigate in the Acoustic 
Emiss ion range, i.e. above SO kHz, because the mechanical surrounding noises are much 
lower than the AE signal coming from worn rolling-element bearings. That is to say that 
the Signal to Noise Ratio (SNR) is higher so the signature of a worn e lement can be more 
eas ily picked up from a weak noise. All the types of vibroacoustical sources are 
summarised in Figure 15 as indicated by [41] . 
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Figure IS: Type and area of vibroacoustical and triboacoustical phenomenon 
Hence ro tation of rolling-element bearings and vibrations of their supporting structures 
induce the major amount of vibroacoustic stress waves in a typical industrial system 
[7,41] . 
2.3.2.1 Natural and resonant freq uenc ies 
In a rol ling-element bearing, rolling e lements can produce pulses of very short duration 
due to the interacti on of defects. These pulses correspond to fl aws in a rolling-ele ment part 
comi ng in contact with another rolling-element bearing surface while rotating. The same 
pulses possess particular lengths (wavelengths) that excite the natural frequencies of 
bearin g elements and housing structures. These exci tations are generated because the 
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respecti ve frequencies are of the same order. This resul ts in an increase in the vibrational 
energy at the frequency of these pul ses. 
Although the resonant frequencies of the individual bearing elements can be theoreticall y 
valued, it appears to be a hard task to estimate how these resonances are affected on 
rolling-element bearing assembly. The interaction becomes even more complex once the 
ro lling-element bearing assembly is placed in its housing and numerous mechanical part s 
act on it. However resonances are rarely signi ficantly altered by these interac tions. The 
natural frequencies of various parts are usually higher than 5 kHz [33]. T herefore, 
monitoring the increase in the level of vib ration in the high-frequency range of the 
spectrum is an effecti ve method of predicting the condition of roll ing-element bearings and 
has been used successfull y by several investigators [48-52]. 
In these references, several parameters such as arithmetic mean, geometric mean and 
correlation have been suggested to quanti fy the differences in spectra for hea lthy and 
damaged rolling-element bearings. 
Acous tic Emission (AE) signals released by faulty rolling bearings have been said, in 
general, to decay exponentiall y, with a relat ively quicker decaying ti me for the highes t 
frequency components present in the signal [53]. 
2.3.2.2 Parameters influencing the stress wave shape 
2.3.2.2. J Rotational f requencies 
Each element of a roll ing-element bearing has a characteristic rotational frequency. With a 
defect on a particular bearing element (Figure 16), an increase in vibrational energy at thi s 
element rotational frequency may occur. These characteristic defect frequencies can be 
calculated from ki nematic considerat ions, i.e. the geometry of the bearing and its rotat ional 
speed. 
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Figure 16: Rolling-element bea ring notations [28.33) 
By taking the general speed equations for the different bearing elements when the Ou.ler 
race is the rotating ring. one can obtain the respec ti vefrequ.encies: 
Cage speed: 
(9) 
where 
( 10) 
so 
( 11 ) 
we can then consider the next equal ity as equivalent for thefreqllencies: 
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So we can calculate the ball spinning speed andfreqllency: 
2DK,K2 
11" = n 
o d 
where 
K =.!..( I - ~cosa) 
I 2 D 
hence: 
and: 
r = _ 0_ 1- -cos2a f D( d2 ) 
Jb 2d D2 
followed by the outer race speed and frequen cy: 
gl v1I1g: 
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SO: 
( 19) 
the inner race defect frequency is: 
f ", = Nb f c (20) 
or: 
/ =_"_0 I+ -cosa N/ ( d ) III 2 D (2 1) 
and finally, the rolling element defect f requency is found to be: 
f " = 2f" (22) 
where we can extract : 
f =_0- 1--cos2 a / D( d2 ) 
" d D2 
(23) 
One can observe that cage frequency is the onl y changing element in the calcu lation of the 
characteristic frequencies while the inner or the outer race are spinning. 
Another difference is the rel ati ve direction rotation with the two situations [54] . For 
instance, in the case where the inner race is rotating an assumed direction, all the other 
components are rotating in the opposite direction relati ve to the inner race. However, in 
spectral analysis, only the values of frequencies are concerned . Hence, it is not important 
to consider the direction of rotation. Knowing these frequencies may highlight a failing 
element in a rolling-element bearing. 
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2.3.2.2.2 Severity of a defect 
In order to make a diagnostic about the " health" of a rotating element, one can use the 
changing characteristics of the observed acoustic signal. Such a signal normall y ranges 
from 5 kHz to 120 kHz in most of the literature. 
Defect size and rotation speed are the most important parameters able to innuence these 
properties. For example, [47] ind icates an exponentially increasing AE ac ti vi ty with the 
rotation speed and the defect size evolution. Some other parameters are also said to 
indicate the degree of wear of the element. One can quote, in particular, the bearing "ring" 
frequencies, pulse duration and rise time, events independent wi th regard to the rotating 
speed, wh ich tend to sh ift to lower frequency ranges as the size of the damage increases as 
shown in Figure 15. 
2.3.3 Interpretation of the signal released by a rolling-element bearing 
Most of the papers encountered are foc us ing thei r research on rotating inner race while 
interpreting the degree of damage of a rolling-element beari ng based on its signature. The 
present thesis is concerned about rolling-element bearings where the rotating race is the 
outer race. Although discus ing different rotating races, defect frequency corre lation can 
be found between both cases. Of all the common phenomena, these are the most frequently 
encountered: 
I . The frequency band during the progress ion of a fa ult in a rolling-element bearing is 
slightl y shifting toward a lower range; 
2. The larger the damage within, the large r the pulse duration; 
3. Pulses are less sharp and much higher with defects having greater widths; and 
4. Possib le correlat ion of the ex tent of a fault with the pulse duration and ri se time 
[47] 
In addi tion, the most important features used during the signal analysis of a rolling-
element bearing signature are: 
I . Average repetition rate of the s ignals; 
2. Individual burst amplitudes ; 
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3. Energy of the bursts; 
4 . Freque ncy content, both of the individual bursts and the average content ; 
5. Burst signal rise time; 
6. Delay content ; and 
7. Signal length [34]. 
Some of these parameters are included in Figure 17. 
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Figure 17: Important parameters that can be used to assess the severity of a defect in a rolling-clement 
bearing [41] 
The shape of a signature for different race impact was also studied. For instance, wav iness 
that is a fault of higher order and is numerically rel ated to the number of balls, can be 
detected by monitoring the flexural vibrations (c! paragraph 2.4.1) transmitted in the 
stationary race . Such measurement was presented by [33] in the case of ax iall y and 
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radiall y loaded rolling-eleme nt bearings. Hence, wav iness on the moving race or unequal 
ball diameters were detected via the f1exural vibrat ions that these defects induced. In the 
signature, signi ficant peaks occurred at harmonics of the rotating sha ft , for waviness, and 
at the cage speed for unequal ball diameter. For inner race waviness , a sideband placed at 
the rolling-element passage frequency was present. 
However, the frequenc ies resulting from distributed de fects appear to coincide wi th those 
due to localized defects. Tt becomes difficult to identify from frequency information alone 
whether a peak at a particular frequency is due to a locali zed or a di stributed defect. 
He nce, in add ition to freque ncy information, the amplitudes of the spectral compone nts 
cou ld be used to ex tract the necessary in formation about any defective bearing. 
2.4 Stress waves emission 
2.4. 1 Wave modes 
2.4. I. I Structure borne waves 
[n a so lid structure several wave modes can occur. These are: 
Wave groups Type oJwaves: 
Bulk waves: Longitudinal or Shear waves 
Transverse or compressional waves 
Surface waves: Ray leigh waves 
Love waves or Q-waves 
Plate waves Lamb waves 
Table 2: Various wave modes travelling in an clastic propagation medium 
At the microscopic level, a tructure is composed of lattices of atoms interconnected so 
that the movement of one element will be transmitted to a large quantity of atoms. Hence a 
structure will be considered as an elasti c medium that will enable a wave to travel from its 
source over a long di stance. The two types of bulk wave can be seen in Figure 18. 
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Figure 18 : Bulk waves: (a) Compressiona l (longitudinal); (b) Shear (tra nsverse) 
The previous discussion was considering a propagation medium without any boundary, i.e. 
infinite media. Compress ion and Shear waves are the onl y types of wave modes that ex ist 
in thi s case. Unfortunately, in the current application, the propagation medium can not be 
cons idered as infin ite hence other waves appear at the boundary of a medium that holds 
the stress wave, viz: solidi gas, solid/solid, etc. 
For example, at the boundary between a solid and a gas (roll ing-element beari ng 
hous ing/surrounding air) it is possible to generate Rayleigh waves. The movement of the 
particles of the med ium in a Rayleigh wave extends only abou t one or two wavelengths 
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beneath the interface. The panicles will translate in an elliptical fashi on, with the major 
axi s perpendic ular to the surface (Figure 19). 
Figure 19: Rayleigh wave showing particle movement (exaggerated) 
inside a thin plate will also appear Lamb waves which are as we ll another kind of fl exural 
type. This wave mode onl y occurs in a solid, bounded by two surfaces, with a thickness on 
the order of a few acous tic wavelengths or less. The two possible Lamb wave modes are 
shown in Figure 20. 
(a) (b) 
r : 
Figure 20: Lamb waves : (a) antisymmetric mode; (b) symmetric mode 
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Figure 2 1: Representation of the axial displacement varying across the width of a thin plate ca rrying a 
Lamb wave [55]. 
A Love wave, or Q-wave, IS a type of surface wave In which particles osci ll ate 
horizontally (back and forth movement) and perpendicularl y to the direction of wave 
propagation and has no longitudina l or vertical component. The Love wave, named after 
the English mathematician A.E.H Love, is usuall y of great interest in seismology [56,57]. 
Wave propagation 
Figure 22: Love wave representa tion [58] 
2.4.1.2 Air-borne waves 
The surrounding air is also considered as an elastic medium with however a major 
difference in that this medium (gas) does not support the propagation of shear or flexural 
like waves. Hence a stress wave will be transmi tted through the air by inducing a back and 
forth movement of the air molecules. Consequen tl y, the compress ional (and expansional) 
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mode will be the only vibroacoustic signal strong enough to be detected by traditional air-
borne sensors. 
2.4. 1.3 Dispersion and Group Velocity 
A hypothetical perfect sine stress wave travelling through an elastic medium on one plane 
wi ll have an equation such as: 
y = ~ sin(ca - lex) (24) 
The angul ar frequency OJ is represented as: 
OJ = 2,,* v (25) 
The spatial freq uency k is given by: 
(26) 
To determine the velocity of such a wave, one needs to use the frequency and the 
wavelength such as: 
v = A *v (27) 
Such veloc ity is called phase velocity . It is the onl y kind of veloc ity for unbounded media 
and surface waves appearing on a single surface where the velocity wi ll be independent of 
the frequency s ince the wavelength will balance it. For waves travelling into a bounded 
thin medium (thickness of the order of a few wavelengths), such as Plate waves, this phase 
velocity wi ll be a function of frequency [55]: these are referred to as dispersive waves. 
According to the famous Fourier series, a physica l signal that has no discontinuity can be 
represen ted by an infinity of sinusoidal curves of different frequencies . Hence, a stress 
wave released by a ro ll ing-element bearing will be a wide band frequency signal 
contain ing a large number of frequencies. In the case of such a bearing supported by a thin 
plate, the plate wave recorded at different spati al locations would be dramatical ly different 
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since each frequency velocity would travel at a different speed. Thus the energy of a 
packet of wave emitted will travel at the group veloc ity where each frequenc y travels at its 
own velocity. 
This leads to the phase velocity: 
0) 
v =-=A*V 
P k 
(28) 
and the group velocity 
dO) 
v =-=d:i*dv 
g elk (29) 
In the current situation, the thickness of the al umi nium plate is 10 nun. The equation 
linking the shear wave frequency to the shear wave wavelength and the shear wave 
velocity is: 
(30) 
With , for example, a sensor bandwidth between 60 kHz and 160 kHz, and the shear 
velocity in alumin ium Vs= 3 11 0 m.s· l , the obtained associated shear wavelength is 
19.4111111 ~ A ~ 5 1.8111111 . Thus, it can be estimated that at the frequency of 160 kH z ( 155.5 
kH z) the wavelength represents the double of the plate thickness. 
Hence the product frequency-thickness (MHz.mm)/ t equals 1.55 . With th is value, one can 
fi nd on the phase velocity graph that the velocity of the wave So at 155 .5 kHz is 51 20 rnls. 
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Figure 23: Phase and Group velocity ora Lamb wave in aluminium given by [59,60] 
2.4.1.4 Attenuation 
As atgued eatlier, a stress wave source, when excited, emits a wave packet that possesses a 
definite amount of energy. While the wave is propagating into the propagation medium, 
the total energy is spreading atound the volume encountered in an even fas hion so that the 
energy per uni t decreases and ensures the energy conservation rule. While there ate many 
types of acousti c attenuation mechanisms, [22] states that most of these types have some 
form of frequency dependence. This is corroborated by [53] who studied exponentiall y 
decaying signals. Indeed, one can observe thi s form of signal in damaged rotating rolling-
element beatings. This latter author reports that the low fTequency components o f a 
decaying signal ate attenuated more slowly, due to lower attenuation ra te, than higher 
frequency components. The rate of this decrease will also depend upon the geometry of 
the medium of propagation. In 3 dimensions, the energy per unit vo lume wi ll decrease as 
the squate of the di stance from lhe source, while in two dimensions it will decrease 
linearl y with the di stance (Figure 24). 
The attenuation of a plane wave atises from dissipation mechanisms or scattering, after 
having encountered an obstacle, as the wave propagates. In a homogeneous medium, these 
losses usually occur as a fi xed percentage of the wave packet energy per unit length of 
travel. Such exponential decrease can be described as: 
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A = Aoexp(- r* x) (3 1 ) 
or 
A = Ao exp(-K * /) (32) 
The two attenuation constants 'Y and K are re lated by the acoustic velocity: 
K = r*V 
" 
(33) 
(a) 
" 
distance distance 
Figure 24: (a) 2 dimensions attenuation; (b) 3 dimensions attenuation 
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Figure 25: (a) Theoretical attenuat ion; (b) Simulation with a va riable attenuation consta nt function of 
freq uency 
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When the stress source emits a wave packet, the wave emission will be considered 
spherical, as the source should be completely wrapped by the spheri cal ly emitted wave. 
However as the wave travels thl'ough the propagation medium, the wave front will be 
considered as a plane wave. 
[22] estimates thi s phenomenon to be a more severe limiting factor in geo logical material s 
and in compos ites than in the vibroacoustic range that is explo ited for monitoring the 
condition of ro ll ing-element bearings . 
2.4.2 Vibra[jons 
Rolling e lements condition monitoring through vibrations interpretation appeared in the 
1960s during which period [61 ,62] established the roots of the theoretical analysis of 
bearing charac teri stic frequencies. Since then, the application of these techniques has been 
employed largely in rolling-element bearings health asse sment. The recent trend in 
rolling-element bearings vibrati on analys is includes in vestigati ons of rolling-element 
bearings re lated models [33,36,63]. These theoreti cal models prov ide in-depth 
understanding about dynamic responses generated by ro lling e lement faults. They have 
been verified by experimental results and applied to rolling-element bearing fault 
pred iction. A wide range of vibration studies inc luded the rolling-element bearing 
geometry and rota[jon speed to determine its characteri stic frequencies so as to assess its 
condition. 
To monitor any rolling-element bearing signature in thi s frequency domain, an averaged 
Fast Fourier Transform (FFT) computation has been widely performed ([29,33]). 
[29,33] investi gated defect size detecti on capability of thi s technique. Ln their 
experimentations, the ntinimal size detection is 5.08 mm in width and 1.27 mm in depth. 
Similarl y, in the time domain , various stati stical parameters were proposed to characteri ze 
bearing s ignals. [64] carried out one of the most signi ficant investigations. These latter 
adopted the kurtos is, the normalized fourth-order cumulant, to compare rolling-element 
bearing conditions. In normal conditions, the value is close to 3 suggesting a Gaussian 
shape distribution. On the other hand, the value is usually rugher than 3 and the signal 
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possesses non-gauss ian distribution. The overall signal amplitude or power is generally 
detected with an acce lerometer and would directly indicate the roll ing-element bearing 
condi tion. This signal power is proportional to the square o f the rms voltage and is 
averaged over a period of time as fo llows: 
(34) 
Unfortunately , the authors quoted in this paragraph have noted some limitations 
concern ing both the frequency and the time domain resolution. 
For example, [64] although obtain ing successfu l results in laboratory experimentation 
pointed out poor efficiency when using this signal power calculation in high-noise 
environment. [29] reached the same conclusion by indicating that the structural spectral 
components inhibited the ability of the rolling-element bearing vibration monitoring due to 
the much higher presence of the structural modal frequencies compared to the wear source 
even at advanced wear. This is due to the fact that the low frequency band analysi s is often 
baffl ed with high noise level. However, the study of resonance, where multiples of natural 
frequencies are analysed simultaneously, seems to be more effic ient in that the resonant 
frequency band monitored is usually situated above 5kHz [33]. 
2.4.3 Acoustic Emission (AE) 
2.4.3. 1 Generation 
AE and ultrasounds are the most frequentl y used words in the literature to name a high 
frequency stress wave. Nevertheless, these terms refer to differen t source emiss ion 
phenomena. AE indicates a wave emission by the materi al itself such as in flaws whereas 
ultrasounds are generated by an external source and introduced into the mate ri al [22]. 
Generally a material enables ultrasonic and vibroacoustic propagat ion since it can be 
sorted as an e lastic propagation medium. However, the difference between vibroacoustic 
and ultrasonic signals res ides only in their respective frequenc y band. Actually, the former 
type of wave lies below 20 kHz whereas the latter is placed above [23,41,44,55 ,65]. In 
addition, one often makes a difference between burst and continuous acoustic waves. 
Hence the discrete packets of acoustic energy in burst emission lie under 50 kH z whereas 
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continuous emiss ion is above 50 kHz. For continuous emission, the lengths of bursts 
usually exceed the time interval between them producing the superposi tion of these bursts 
[22,46,66] . In practice, both the burst and con tinuous AE waves may be encountered 
together, which is, according to [67], of a mixed type. 
The burst AE waves possess an exponenti all y decaying shape that can be simulated 
numericall y as: 
(35) 
The transient elastic wave gene ration is due to a rapid release of strain energy caused by a 
structural alterat ion in a medium under mechanical or thermal stresses [33]. The elastic 
wave generation is then fi nalised when the material attempts to retu rn to a state of 
equilibrium [22] . 
To summarise a ll the bas ics of AE or ultrasounds, one can quote elemen ts such as 
generation and propagation of cracks, growth of twins , grain boundary sliding, frac ture, 
magnetic domain realignment, phase transformation , etc., associated wi th plastic 
deformation and dislocation [23,24,33]. 
[n rolling-element bearings an AE source according to [46,68] can be modelled as 
illustrated in Figure 26. 
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Figure 26 : Modell ing of internal AE source d ue to crack 
The volume of a sudden crack, inside a bearing component , is dete rmined by bearing 
materials and stress level. Hence, the resulting released energy is proportional to the 
volume of the crack and equili brium stress level as: 
I Eoc-cy,w 
2 ' 
(36) 
The development time of a crack, as noted by (46), is, in compari son with its stab le 
vo lume, much shorter as displayed in Figure 27. Then the associated stress increases unti l 
a certai n level where the crack breaks under the fo rm of an explos ion. 
With the crack wi ll appear a doublet of forces as depicted in Figure 26-(a). The 
distribution of this doublet of forces around the surface of cracks implies no net force 
existing on the cracks. This is fundamentall y different from AE generation such as 
capi ll arity fracture or pencil break in which net force is generated outside the surface (68). 
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The stress wave is propagating generally through structure materi al and into the 
environment [44]. Although solids and gases are both elastic mediums. the quantity of 
noise is higher in gases giv ing a more polluted measurement according to [44]. 
I)V 
~ 
E 
::J C ~ 0 > ~ <.> 
e 
u 
New c rack 
Time 
Figure 27: Crack development 
2.4.3.2 Phenomenon at the atomic scale 
All materials are collections of atoms. The atoms are held together by allracti ve fo rces but 
are also prevented from approaching each other too c losely by short-range repul sive 
fo rces. The superposition of these forces results in an equilibrium pos ition for the atom 
where it has its lowest energy and therefore the most stab le configuration of the material. 
However. onl y at the temperatu re of absolute zero are the atoms actually at rest in the 
equ ilibrium positions. As the temperature increases. the atoms ga in some energy and 
perform pseudo-osci llatory or orbital motion about their equilibrium pos itions. The kineti c 
energy of the atoms is the thermal energy. The re lationship between the magnitude of the 
thermal energy and the strength of the att racti ve forces dete rmine whether the material is 
solid . liquid or gas. In so lids. the equili brium positions retai n a fixed geometrical 
relationshi p among themselves. The geometry of this relationship determines the crystal 
structure of the solid. 
Because of the forces between the atoms. the motions of adjoining atoms must be coupled 
in some fashion. This coupling allows the transfer of kinetic energy between atoms. For 
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the hi gher energy (high frequency) components of the atomic motion, this coupling is 
weak and the correlation between the atomic motion may on ly ex tend over near 
neighbours. This type of short range correlated mot ion results in a basical ly diffuse 
transfer of energy in the material and is known as thermal conducti on. 
However, for very low frequency atomic moti ons, the coupling may extend over a great 
number of atoms. This long-range correlated motion of atoms is an aco usti c wave. 
The long-range correlations in an acoustic wave result in many atoms in a small region 
being displaced from their equilibrium positions in the same direction. This displacement 
is a local strain in the crystal. The strai n is a dynamic displacement as its direction and 
magnitude are constantl y changing as the atoms move. Since the atom ic motion is pseudo-
osci ll atory, so is the dynamic strain . Thus an acoustic wave is an osc illating strain moving 
through a materi al. Because stress and strain are always directl y related in a material the re 
is also an osci ll ating stress fie ld. Therefore an acoustic wave can be described as either a 
dynamic stress field or strai n field in a materi al [22]. 
2.4.4 Acoustics 
Various au thors have al ready used successfully acoustic stress waves to assess the 
cond ition of different types of machinery or systems. [1 9] presents a method to monitor 
the tension of belts while stat ionary using two microphones in such a way that thi s 
monitoring system is said to be unaffected by large surrounding noise such as those found 
in industri al environments. [69] al so implemented a condenser microphone to monitor the 
excitation frequencies and their harmonics of a helicopter gas turbine engine shaft and 
blades in order to diagnose each element state even before a crack appeared in one of 
them. [43,70] monitored the acoust ic stress waves, wi th a Bruel and Kjaer type 4130 
microphone for [43], to assess the condition of diesel engine elements by retrieving and 
assoc iating their emitted stress wave to the crank shaft angle used as the timing reference. 
[7 1] implemented an array of five microphones to separate the signatures of two 
interconnected pumps of different size rotating simultaneously in a laboratory 
environment. Following that the authors could retrieve the main frequency components for 
each of the pump signatures in the frequency range from 0 Hz to 160 Hz. Considering 
ro lling-element bearings, a few papers can be found . For example [44] used an ultrasonic 
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microphone to assess the quality of the lubricating grease in rolling-element bearings and 
the degree of wear of rolling-element bearings by placing the microphone at 50 mm away 
from the monitored rotating bearing, [72] detected successfu ll y damaged inner races , outer 
races or ro lling elements in rolli ng-element bearings (defect width between l A and 2.4 
mm, defect depth between 0.44 and 1.5 mm), under vari ous velocities (from 500 to 3500 
rpm), in a laboratory environment using a condenser microphone in the audio range. [n 
their literature review [33] report also a study on healthy ro lling-element bearings and a 
few promising acoustic techniques to detect defects in axial ly loaded bearings, rolling-
element bearings surface irregularities and successful bearings diagnostic techniques in 
railroad ro lling-element bearing defects but also from [73] who detected successfull y 
railroad bearings with severa l defects in a laboratory environment us ing a high frequency 
response microphone (from 0 Hz to lOO kHz). [33] also indicate that acoust ic methods 
may be affected by sources other than rolling-element bearing noises unless adequate 
precautions are taken to isolate the component to be investi gated such as parabo lic 
reflectors ([44] stating that the distance between the acoustic enSor and the monitored 
element could be increased twelve times without loss of fundamental data) , plain 
alignment pipe ([44]) , sound collector ([74]) or acoustic enclosure ([33,72]). 
Acoustic wave motion like in Vibration or Acoustic Emission, according to [75], can be 
deri ved using some assumptions that simplify the resolution of the problem. First the gas 
or fluid where the wave is propagating has to be considered continuous and homogenous 
thus enabling the derivation of continuity and momentum conservation equations. Also, 
we wi ll consider that there is no inert ial friction or thermal conductivi ty to avoid the 
considerat ion of energy loss. Lastl y, let us cons ider that all the amplitudes of all the 
disturbances are much smaller than the signal amplitude of interest. Such disturbances 
otherwise would lead to non-linear acoustics. 
With these si mplifications, one can represent the general wave equation as: 
( \1
2 
- _I -;.)l~l = 0 
v'" at ( (37) 
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In the prev ious equation, it is more common to u e, among the perturbation variables p, Lt 
and (, the pressure vari able p to describe the wave equation [75]. 
Thus, one can determine the wave equatio n for di fferent levels of dimension and different 
quality of waves. For example a one-dimension plane wave can be defined by using the 
Helmholtz equation [75]: 
a' p I a' p_O 
ax' - v
w
' at' -
Having fo r solution: 
With : 
k =!!l.. 
VII' 
(38) 
(39) 
(40) 
For a three di mensional propagation, the Laplace operator can be expressed under the 
Cartes ian coord inates such as : 
, a' a' a' \l =-+-+-
ax' ay' az' 
Or with the spherical coord inates such as: 
The wave equati on solution in such a case can then be expressed as: 
8 1 
(4 1 ) 
(42) 
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p(r" fJ ,qy, t) = 'l>" J , (kr)L" ( COS fJ)COS(W,t+a, )cos(sqy + fj, ) (43) 
'''1-1-' 
2.4.4. 1 Sound Intensi ty 
Sound Intensity is defined as the sound power per unit area. The reference sound intensi ty 
constant, according to [76], can be ca lculated re lative to a standard threshold of hearing 
and is equal to: 
(44) 
The most common approach to sound intensity is to use the decibel sca le: 
I dB = 1010gJOUJ (45) 
Decibels measure the ratio of a given intensity I to the threshold of hearing intensity so 
that thi s threshold takes the value 0 decibels (0 dB). To assess sound loudness, as distinct 
from an objective intensity measurement, the sens itivi ty of the ear must be facto red in. The 
logarithm invo lved is the power of ten of the sound intensity expressed as a mult iple of the 
threshold of hearing intens ity. The factor of ten mUltiplying the logarithm makes it Decibel 
instead of Bel and is included as abou t one Decibel is the Just o ticeable Difference 
(JND) in sound intensity for the normal human ear. To understand the phys ical effect of 
the Dec ibel scale, [77] affirms that for people with normal hearing, it a lways turns out that 
the tone, or the signal energy for [76], must be made ten times as powerfu l in order to 
sound twice as loud. As an example, we could calculate the Decibel value for a sound I 
that has a sound intens ity about ten thousand times higher than the threshold of hearin g: 
( 
I 0,000/ 0 ) 
I dB = 1010g,o 10 = 10 *4= 40dB (46) 
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This dB unit has also the quality of giving a manageab le range of numbers to encompass 
the wide range of human hearing response, from the standard thresho ld of hearing at 
1000Hz to the threshold of pain at some one trillion times that intensi ty for [77] and ten 
trillion times for [76] . Some familiar sound levels are shown in Table 3 as compiled by 
[77] . 
Sound level in dB Sound power 
Faintest sound heard 0 I 
Rustling leaves 20 100 
Quiet home 40 10,000 
Noisy store 60 1,000,000 
Racing motor of a lorry 80 100,000,000 
Nearby thunder 100 10,000,000,000 
Hearing becomes painful 120 1,000,000,000,000 
Table 3: Sound level of some familiar sounds 
2.4.4.2 Attenuation 
In addition to velocity the attenuat ion phenomenon can be observed. The degree of 
attenuation of an acoustic wave (c! Figure 28) is dependent upon the di stance travelled by 
the wave [78] in the elastic medium and the acoustic impedance of the same medium . [n 
the presen t case the propagation medium, which is elastic thus enabling the propagation of 
an acoust ic wave, is the surrounding air. 
Thi s attenuation, due to the oppos ition encountered by the sound wave in the air, 
represents the acoustic impedance. The attenuation fu nction typicall y has an exponential 
shape and fo llows an inverse square law [76,77] giving a typical exponential decay. 
83 
2 STATE OF TilE ART IN ROLLING-ELEMENT BEARINGS CONDIT ION MONITORING 
A cost-effecti ve approach to the cond ition monitorin g of multiple rolling-element bearings 
or , ~ or ~ r , x ~ ~ - '" ~ I1 , r j - j , , , , , , , , 
• 0 
" " " 
o. 
" " " 
•• 
, 0 
" " " 
c. 
" 
, 
,0-
~ - " '( ~ 1 )() . ~ /, 0( ". ,.. ,,, I 1\ '" 1\ , ~~"! - r ' ' -J:X: • -Ji)' '. ' ''' \' \' - " .. -J:' ~" 
om 
"" 
033 
"" 
C:" "-, C :2) D ' om , ~. 0 3:"5 , ,,; C :1J 
Figure 28: Attenuation effect: the green wave amplitude is lower than the blue one 
The acoustic impedance will vary in function of the wave velocity and the propagation 
medium density [55,75]. 
z = p v. ",428(1+0.00 166 T) (47) 
It can be placed in the sound intensity equation of the acoustic wave: 
(48) 
The attenuation degree could be used, in association with the cross-correlation time lags, 
to locate an acoustic source. 
2.4.5 Temperature effect 
The equation for the velocity of sound in the air includes the ambient temperature: 
v .. ",., '" 332(1 + 0.00166 T) (49) 
With this latest approximation, the velocity of an acoustic wave is 343.02 mls at 20°C. An 
alternative method to calculate such velocity is presented in [76]. First let us consider that 
the velocity of an acoustic wave in ideal gas, such as dry air, is : 
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v -
s01/1II1 -
Y. R(T + 273 .1 5) 
M 
(50) 
where y. is the adiabati c constant (= 1.4 for air), R the uni versal gas constan t (8.3 14 
J/mo l.K), T the propagation medium's temperature and M the molecular weight of a gas 
(28.95 glmo1 for dry air). This gives: 
v -$()IIfI(J - 1.4(8.3 1411 mol.K ) JT: = 20.05~(T + 273 .15) 0.02895kg I mol (51 ) 
This latter equati on, for an acoustic wave propagat ing in the air, can be approx imated as: 
V", ,,,,,/ ... ,,;, z 33 1.4 + 0.6(T + 273. 15) (52) 
Figure 29 shows a compari son of the sound velocity 111 the air according to different 
equations. 
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Figu re 29: Difference of sound velocity calculation according to three different equations 
The coefficient indicating a wave velocity aga inst the temperature has, quite often, little 
effect. For example, [55] values thi s coefficient to -0.3 m.s-l oC ' for standard steel having 
inclusions of a luminium. 
2.5 Sensors 
Several sensors will be required to acquire the stress waves propagating from rolling-
element bearings. These sensors will have to be calibrated in order to determine accurately 
the quality of the monitored signals. [55] indicates that a sensor does not respond equally 
well to al l frequenc ies. Hence, several iso lated frequency vectors comprised in a same 
stress wave source being at the same amplitude at the sensor input might differ at the 
output. Consequently, the sensor's frequency response is an important element to take into 
consideration. Two types of frequency response exist: 
I. Resonant characteristic [55,79,80]; and 
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2. Non- resonant characte ri sti c [29,80,8 1] . 
2.5 .1 Resonant frequency response 
The signal monitored by a resonant sensor is generally amplified in fu nction of the 
intrinsic property of the piezoelectric crys tal of the sensor. The sensor's max im um output 
s ignal is produced at the resonan t frequency /" [55] . The ampl itude increase fac tor at thi s 
reso nance frequency is call ed Q",. This factor vari es, for example, between te n and forty 
for Ki stler quartz sensors [79]. 
Qua ntiti es of sensors exist with frequency response curve associated with a more or less 
narrow peak at the resonance (Figure 30). Consequently , each transducer will be expressed 
in terms of bandwid th. 
/';.1 is defined as the frequency difference I, - II at an intensity level half of that at 
resonance, that is to say , at about a 3 dB reducti on in intensity. 
Bearing in mind that intens ity is proporti onal to the square of the amp litude, the n it is often 
easier to speak of II and 12 as being the freq uencies at which the amplitude has fa lle n to 
I 
70% (or more accurately, .J2 = 0 .707 or 70.7%) of the maximum [55]. 
100% 
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Figure 30: Example of resonant freq uency response ([55,79,8 1,82]) 
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2.5 .2 Non-resonant frequenc y response 
According to [80], the frequency res ponse of a non-resonant sensor will be less affected by 
the s tructure on which it is mounted than a resonalll transducer. It is a lso indicated by [29] 
that a non-resonant sensor ex hibits an excell ent impulse response, thought to be important 
for ex tract ing in fo rmation from a defect-generated stress wave. A standard frequency 
response of a non-resonant senso r is presented in Figure 3 1. 
Frequency 
Figure 31: Example of non-resonant freq uency response ([29]) 
The resu lt of thi s " flat" response is that it is less likely to alter or di stort an incoming stress 
wave signal than a resonant sensor, therefore allowing quantitati ve information to be 
derived from the signal. 
[55] suggested that the backin g, or damping, mounted above the sensing c rystal is the 
element that determines the resonance or non-resonance. This damping material is present 
to con trol the rapidity at which the mechan ical vibrat ion in the sensor wi ll be di ss ipated 
away as a result of a natural (mechanical) damping. It is generall y measured by the 
mechanical qua lity factor Q", which states that the lower it is, the shorter the generated 
pulse will be, giv ing a "flatter" response curve. This allows the applicati on of a data 
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processing technique such as Fourier analys is to break down the signal received in to a 
useful wide range of frequencies. 
On the other hand a transducer with a hi gh Q", , i.e. sharper response curve, should be 
efficient fo r providing a fi xed, single frequency fo r Continuous Wave operation. 
Q f" 
m = 6. f (53) 
From a list of sensors found in [80,8 1], it can be seen that non-resonant sensors show 
lower frequency sensitivity than the resonant frequency peak on the othe r sensors. 
However, thi s frequency sensiti vi ty of the non-resonant sensors becomes higher on the rest 
of the frequency window investigated (outside of the resonance area), generally al lowing a 
better accuracy and higher S R fo r a broad frequency range (see also Figure 32). This last 
po in t is an essenti al issue fo r the present in vesti gation. 
Typica l resonant sensor response 
Typica l flat sensor response 
Resonance response superiority 
~----------y~--------~/ ~ 
FREQUENCY 
~ Flat response superiority 
Figure 32: Difference of response amplitude for resonant and non·resonant sensors 
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2.5-3 Vibrati on sensors 
As di scussed in [33], the most frequently used method to mo nitor vibrations fro m a 
rolling-element bearing is a method call ed REB AM or cas ing-mounted transducer method 
that consists in mounti ng the vibrat ion sensors directly against the oute r race o f the ro lling-
e lement bearing (by insert ing the sensin g e lement in to a ho le d rilled into the ro ll ing-
e lement bearin g housing) in gene ral, the main reason being that the ex traneous vibrations 
of the housing structure are reduced or e li minated and the SNR improved . The transducer 
can be a velocity pick-up that gives an unb iased measure of vibrati on, an accelero meter 
being more useful for roll ing-element bearings for example or non-contact type 
di splacement transducer used more efficie ntly for low freq uency sources such as 
imba lance. 
However, a velocity meter (mm/s) is like ly to be ineffic ient in detecting low amplitude 
important fault signals swamped by larger vibrations such as imbalance. Acceleration 
(m/s2) measure ment enhances the highe r frequencies (by 27if with respect to ve loc ity). 
Finall y, the displacement measurement ( If In ) is biased toward low freque nc ies (by V2 
7if w ith respect to velocity) [83]. 
Figure 33: Kis tler® vibration senso rs (accelerometers) 
2 .5.4 AE sensors 
AE and vibrati on sensors can both exhibit resonant and non-resonant responses, the onl y 
difference be ing that AE sensors are des igned to coll ect stress waves above 20 kHz. T hese 
sensors have generall y a bandwidth limited by the piezoelectri c sensing e le ment and 
backing properti es. One of these types o f e lement, with a measurement window go ing 
from 20 kHz to 2MHz, is presented by [29]. The use of a tip like the no n-resonant AE 
90 
2 STATE OF THE ART IN ROLLING-ELEMENT BEARINGS CONDITION MON ITORING 
A cost-effective approach to the condition monitoring of multiple rOiling-element bearings 
sensor in the previously quoted document is said to require no acoustic couplant. This 
property is astonishing since thi s consumable is presented as essential by multiple authors 
such as (22,55). In addi tion (29) recommend placing the tip of the sensor as close as 
poss ible to a rolling-element bearing' s race (generally the outer one). This lack of 
fl exibility probably comes partially from the absence of acoustic couplant. 
Figure 34: Ho troyd® AE sensor 
2.5 .5 Microphones 
Electronic signal 
conditioning unit 
Backing element 
wrapped with protective 
foam 
Piezo-ceramic crystal 
covered by a disc of 
metal 
Monitoring acoustic stress waves through the air is another so lution and microphones are 
generall y used to achieve this. (65,84) define a microphone as a transducer in whk h sound 
waves are converted into corresponding variations in an electrical signal fo r amplification, 
transmission to a di stant point, or recording. Several types of microphones exist such as 
carbon, crystal (piezoelectric, etc.), moving-coi l, capacitor (condenser, etc_), ribbon, 
magnetostri ction, induction coil and hot-wire microphones «65,75,84)). (75) indicates that 
the condenser microphone is superior in sensi tivi ty and li near frequency range. The 
principle of the condenser microphone is shown in Figure 35. It contains a thin elastic 
diaphragm, a ri gid hackplate and an electric c ircuit, composed of a capacitor, a resistor and 
a power supply, connecting the two components. 
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Backplate 
~~ Aco ustic waves 
ODI :> 
/ RI Cl Output vo lt -r VI age 
Diaph ragm 
Figure 35: Diagram of a condenser microphone ([75]) 
[75] indicates that the ai r between the Diaphragm and the Bac kplate acts as a condenser 
hence when incoming acoustic waves apply a pressure to the Di aphragm the air pressure 
between the Diaphragm and the Backplate inc reases then the electrical capacitance 
changes thus creating a variation of curren t proportional to the incoming acousti c waves 
pressure. The e lectronic components connected to the two mechan ical elements then 
amplify the ignal. Microphone i a generic term for airborne waves co ll ecting sensor 
since some authors use ultrasonic or high-frequency microphones up to 100 kHz such as 
[44,73] or microphones in the acoustic range such as [43,70,72,74] . Microphones have 
been used to monitor different types of element condition such as belt mo nitoring ([ 19]), 
diesel engines ([42,45,70,75]) , air fi lter ([74]), rolling-element bearings ([33,72,73,85]), 
etc. Fo r hi s PhD thesis based on the monitoring of a diesel engine, [75] used the 
professional condenser shown in Figure 36. 
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Figure 36: Brucl and Kjrer 4310 condenser microphone, prcamplifier 2642 and power supply unit 
2810 used by Li (2000) to monitor a diesel engine ([75]) 
This microphone is omni-directional s ince il can co ll ect acoustic wave coming from all 
directions unlike directional microphones that can collect aco usti c wave coming onl y at 
small angula r angles in fro nt of the microphones' sensing eleme nt. 
A large alllount of microphone manufacturers propose products for condition Illonitoring 
but these products tend to be expensive due to thei r high-level of sensitivity and quality. 
As an alternative, cheaper microphones can be found such as boundary microphones that 
are specially des igned for aud iences and are rather convenient because they can be 
mounted inconsp icuously in a ceiling or a wall . Hence such sensor can be installed eas il y 
against a flat surface inside an LSM at distance from a monitored rolling-element bearing. 
Aga in th is i an omni-directional sensor but the acoustic waves coming fro m the rear can 
be stopped by using an acousticall y reflecting surface to hold such microphone hence the 
microphone would collect acouslic wave coming at a maximum angle of 1800 if the 
holding surface is fl at. In addition the sensor could not co llect any echo reflectin g against 
the surface because of being close to the reflecting surface. By adding such reflecting 
su rface the frequency response of the microphone would be maximall y fl at insuring. 
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Figurc 37: AKG Boundary microphone (1861) 
" 
" 
However, in order to cut down the costs to a minimum, low-cost ti e-clip microphones, 
such as the one presented in Figure 38, can be used. Usually, these microphones are omni-
directional and are rather small so that they can be placed anywhere in the area around to 
the rolling-element bearing to be monitored. 
Figure 38: Tie-clip acoustic microphone (1871) 
2.5.6 Other types of sensors 
It should be mentioned also that numerous types of sensors, apart fTo m AE sensors, 
accelerometer and microphones, can also be found in the literature. For example, the 
rolling-element bearing lubricating oil or grease analysis (viscosity , colour, particle 
counting and analysis, etc.) can be undertaken, the coil vo ltage, flux, phase current 
fluctuation for induction machines can be monitored ([88]), special types of vibration 
sensor such as non-contacting eddy current probes can also be found (e.g. [89]). 
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2.5.7 Pre-amplifier 
Some losses of amplitude occur directly at the output of the sensing e leme nt (c rystal). 
These losses are due to the coupl ing with the cab lings and the impedance and capac itance 
of the cable itse lf. T hese losses must be e l iminated in order to be ab le to monitor as much 
information as poss ible. Therefore, the implementati on of a pre-amplifi er directl y at the 
output of the signal to improve the signal to noise ratio wi ll be required . With profess ional 
sensing elements, a preamplifier is already implemented . However, a post amplifi er shoul d 
be imple mented after the senso r's signa l has travelled through the cable to the main 
instrumentation group. 
The preamplifier usuall y consists of a low noise input stage, bandpass filters and a low 
impedance output stage capable of drivi ng a 50-ohm cab le . 
Ultrasonic sensors preamplifiers are des igned to have a relati vely flat frequency res ponse 
between about 20 kH z and 2MHz, without the bandpass fi lters. They a lmost always have a 
fixed ga in of either 40 or 60 dB. 
2.5.8 Calib ration 
All manufacturers furni sh calibrati on curves for their sensors. The current ly accepted units 
are dB referenced to I V /m/s and dB referenced to I V /j.lbar. The AE signal used to 
calibrate the sensors may be e ithe r a surface wave or a compressio n wave. Calibrati on 
curves fo r the same sensor will not be the same for calibrations in veloc ity (m/s) or in 
pressure (~bar). The reason is that pressure is proportional to strain which is related to the 
surface di splacement whil e velocity is the time derivati ve of surface displacement. For a 
constant frequency, the relationships are: 
and 
dD 
V" = ----"- = wcos wt 
dt 
(54) 
(55) 
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Thu s the veloc ity calibrati on curve is approximately the pressure ca libration curve 
multiplied by the frequency. This tends to make the velocity curve seem fl atte r si nce it 
does not drop as fast as at higher frequencies. 
By knowing the frequency range to be investi gated and the type of wave to be expected , 
one can se lect a sensor [22]. Calibrati on c urves can then be compared prov ided they are 
fo r the same type of source and the same units. 
The NBS (NIST nowadays) has developed methods for the absol ute cal ibration of sensors 
for Rayle igh waves and longitudinal waves . 
Manufacturers' calibrati on curves which are refere nced to an NBS ca librated sensor can be 
d irectl y compared regard less of type of source. However, a surface wave cal ibrati on 
should not be compared to a long itudinal wave calibration [22] . In addition, manufacturers 
of sensors provide sensing elements capable of measuring a single ki nd of acoustic wave 
(cl [79] fo r example). Thus by knowing the kind of wave present and the attenuation of 
each wave accordi ng to the di stance, fo r example, the choice of the correct sensor is 
straigh tforwa rd. 
2.5.9 Sensor interface requ irements 
If one puts the signal sensor directl y aga inst the surface of the materia l e mitting an AE or 
vibroacoustic wave such as in Figure 39, a very weak s ignal wi ll be detected. However, a 
thin layer of a fluid pl aced between the sensor and the surface allows a much stronger 
signal to be obtained. The use of some type of couplant is almost essential for the detection 
of low-level acoustic signals. Physicall y, thi s can be explained by looking at the acoustic 
wave as a pressure wave transm itted acros two surfaces in contact. On a microscopic 
scale, the surfaces of the sensor and the materi al are quite rough so that onl y a few spots 
actuall y touch when they are in contact (cl Figure 7). Stress is fo rce per unit area and the 
actual area transmitting a force is very small. If the microscopic gaps are fill ed with a 
fluid , the pressure is uniformly transferred between the surfaces . For a shear wave (cl 
Figu re 18-b) with a variable strain component parall el to the surfaces, very li tt le strain i 
transferred between the surface because of the few points in actual contact. In this case, 
filling the gaps with a low viscosity liquid will not help much since a liquid does not 
96 
2 STATE OFTHE ART IN ROLLING-ELEMENT BEARINGS COND IT ION MONITOR ING 
A cost-effective approach to the condition monitori ng of multiple rolling-element bearings 
suppo rt a Shear stress. However, a high viscos ity liquid or a solid helps trans mit the 
paralle l strain between surfaces. The pu rpose of a couplant then, is to ensure good contac t 
between two urfaces on a microscopic level. 
For a compress ional wave (c! Figure 18-a), any fluid will act as a couplant. A hi ghl y 
viscous fluid will transfer some shear stress across the boundary. In one study, [22) tests a 
large number o f couplants with compress ional waves. Almost all couplants show an 
increase of 30 ± 2dB in the s ignal strength over the couplant. The vari ati on is littl e more 
than the uncerta inty of the measurement. T he most practical rule is to use a couplan t layer, 
as th in as poss ible, of any viscous flu id to wet both surfaces. The sensor should be held 
agai nst the surface with some pressure provided by magnets, springs, tape, ru bbe r bands, 
adhes ive, etc. However the type of contact will be directly responsible fo r the amount of 
transmi ss ion loss in the frequency domain as shown in Fi gure 40. [82) also indicate that 
each mounting method has an associated resonance, the high freque ncy limit of the sensor 
will be compromised. In general, the mo re intimate the contac t between the sensor and 
mac hine surface, the less chance of a low "as insta ll ed" resonance and decreased high end 
response as depicted in Figure 40. 
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Figure 39: Perpendicular compressional wave sensor 
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Figure 40: Sensor frequency response with different mounting method [82] 
2.5.10 Sensing techniques comparison 
Previous inves tigators have demonstrated Acoustic Emission's earlier detection capability 
that is achieved with vibration, i.e. AE can detect the growth of subsurface cracks whereas 
the vibration technique detects defects only when they appear on the surface [33,34]. 
Detection of bearing failures is often made difficult by the masking of low frequency 
machine vibration generated by other machine components, usually up to 10 kHz for [47] 
or 50 kHz for [33]. For [47] the classical acoustic signal frequency range released by 
rolling-element bearings, generally comprised between 5 kHz and 120kHz, is well above 
machine background vibration and other defects such as misalignment or imbalance. 
Therefore signals detected in the AE range tend to provide early indication of bearing 
deterioration when the defect is at the infant stage. 
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AE according to [29] can also provide a s ignificant improvement in health monitoring in 
high-noise environments. This is due to signals , which associated with small race defects , 
have negligible energy in comparison with the background noise at low frequencies and 
are enhanced at higher frequenci es, espec iall y above 100 kH z. The large number, and 
relati ve ly large amplitude of the background noise res ides primordially in the frequency 
range be low SO kHz. He nce, the s ignal to noi se ratio is great ly improved in the higher 
frequencies. Attenuation of the stress waves from material losses and part interfaces make 
the choice of location for the AE sensor much more important than for accelerometer 
placement. 
2.5. 10.1 Size defect detection 
[29,44] performed a series of experiments with the aim of defining the detection 
sensibility of high frequency s ignals. To thi s end , defects of different sizes we re 
introduced 111 a rolling-element bearing. The processing algorithm demodulated the 
ultrasonic waves by using a digital RMS computation with an integration time constant of 
25 fls. After thi s pre-processing stage, an FIT was app lied to the signal and then averaged 
over a seri es of FFT's processed signals. An ultrasonic sensor was put in contact with the 
stationary outer race of a rolling-element bearing. [29] performed the measurement in the 
time domain. As a result, a scratch in the race with a width above 0.508 mm was eas il y 
matched by thi s method. However, defect s izes compri sed between 0.254 mm and 0.508 
mm were also retrieved but with less readability. These values were found with the sensor 
placed at 180° with respect to the c ircumference of the outer race. For a sensor placed at 
the leve l of the defect (0°) thi s maximal readability goes to ~ 0.0762 mm . 
In the experiments presented by [47], where the area summations "ring-down" count 
method was used , a defect only over 0.5 mm appeared to be detectable. The limitation in 
th is paper was that the angular position of the sensing element with respect to the outer 
race and the defect location was not take n into account, thus giving incomplete 
information. 
In compari son, the max imum obtained by [29,33] in the vibration domain is restri cted to 
5.08 mm in width and 1.270 mm in depth. 
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Technique Size Authors 
Vibration analysi s + 5* I D·; m in width [33] 
averaged FFf 1.27* 10.3 m in depth 
Vibrati on + 3.5* 1 D" m in width [90] 
HFRT+ALE+ N 3* 10.6 m in depth 
Vibration/Acoustics + 5.5* I D" m in width [91] 
chaos theory 5.8* I 0.7 m in depth 
Acoustic Emission 7.62* 10" m in width [29] 
Acoustic Emission + 5* ID' m in width [47] 
Rin g down count 
Acousti c Emiss ion + 3.5* 10'> m in width [90] 
HFRT +ALE+NN 3* 10.6 m in depth 
Table 4: Defect s ize detection using different techniques 
2.5. 10.2 Re flection s 
As explained by [22] a sharp s igna l emilted by a stress wave source with in a mate ri al will 
reflect agai nst the boundaries of the material and as a result a sensor placed at a distance 
fro m the source will coll ect the constructive interferences generated by the 
supe ri mpos ition of the same stress wave that has trave lled throu gh different propagation 
paths. Figure 41 shows an example of thi s phenomenon with six different propagation 
paths. 
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(a) (c) 
Figure 41: Effect of echoes on a signal propagating in an clastic medium: (a) impulse signal at the 
source of emission; (b) different propagation path of the stress wave due to reflections; (c) mixture of 
the original stress wave and its echoes at the sensor [22] 
2.6 Diagnostic techniques 
2.6. 1 Traditional techniques to detect locali zed defects 
2.6.] .1 Time domain technique 
2.6. 1.1. 1 Vibration methods 
The main processing methods encountered In the literature for the diagnostic o f ro ll ing 
elements bearings based on their vibration signature and in the time domain are: 
I. overall RMS level [33]; 
2. crest factor analysis [33]; 
3. kurtosi s analysis [33]; 
4 . probabi lity density of accelerati on [33]; 
5. statistical moment [33]; 
6. bandpass fil tering technique [33]; 
7. wavelet transform [75] ; 
8. shock pulse counting [33,34] ; 
9. enveloping or de modulation [92]; 
10. chaos theory [9 1]. 
2.6.1.1.2 A.E. methods 
The main process ing methods encountered in the literatu re for the di agnostic of ro lli ng 
elements bearings based on their AE signature and in the time domain are : 
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I . peak level or amplitude [33]; 
2. "ring-down" counting [33,47]. 
3. sound pressure and sound intensity techniques [73]; 
4. spike energy [93]; 
5. enve loping or demodulation [92]; 
6. shock pulse counting [33,34]; 
7. curve area measurement [41 ]; 
8. peak amplitude and count [94] ; 
9. wavelet transform [73]; and 
10. di stribution of events by peak ampl itude and count [94]. 
2.6.1.2 Frequency domain techniques 
2.6.1.2.1 Vibration methods 
The main process ing methods encountered in the literature for the diagnostic of rolling 
elements bearings based on thei r vibration signature and in the frequency domain are: 
I . FFT [33] ; 
2. HFRT [33]; 
3. demodulation spectrum [92]; 
4. spectrum analysis, synchronized averaging [34]; 
5. spectrum analys is, sum and difference frequencies analysis [33]; 
6. wavelet transform [95]; and 
7. power cepstrum [33]. 
2.6. 1.2.2 A.E. methods 
The main processing methods encountered in the literature for the diagnosti c of rolling 
elements bearings based on their AE signature and in the frequency domain are: 
I. FFT [34]; 
2. STFT [75]; 
3. spectrum analys is, synchronized averaging [34] ; 
4. spectrum analysis, sum and difference frequencies analys is [34]; 
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5. HFRT [34] ; 
6. sound pressure and sound intensity techniques [33]; 
7. peak amplitude and count [34]; 
8. wavelet transform [96]; and 
9. di stribution of events by peak amplitude and count [34]. 
2.6.1.3 Signal process ing techniques 
I. signal decomposition into periodic components and a process ing method based on 
averag ing techniques; and 
2. SNR enhancers such as the ANC, ALE and Adaptive Filtering [42]. 
2.6.2 Automated diagnostic systems 
2.6.2. 1 Pattern recognition 
The goal of the project is to obtain a user-fri endl y automated system. Extracting manuall y 
useful information about the location and the degree of wear of any rolling-e lemen t 
bearing rapidly becomes daunting if performed by an operator. Hence patte rn recognition 
techniques come as a poss ible interpretati o n tool to address thi s issue. Pattern recognit ion 
is used for thi s purpose by different researchers (c! [33]). 
2.6.2. J. J Time domain techniques 
These techniques can be used with short-time-s ignal processing techniques to ex tract 
useful features from rolling-element bearing vibrati on to be used by a pattern classifier to 
detect and diagnose the defect. Another automatic fau lt diagnosis system method for ball -
bearings is reported by [33] and consists of the process ing of signatures and a pattern 
recognition technique. 
2.6.2. J. 2 Frequency domain technique 
The time-domain method, having some shortcomings, cou ld be improved by uti lizing 
bispectral analys is of vibration, in the frequency domain, to detect the presence of 
charac teri stic deFect frequency and its harmonics. At the nex t stage, the pattern recogn ition 
tec hnique is applied to classify the condition of a bearing based on its bicoherence [33]. 
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2.6.2.2 Artificial Neural Networks 
ANNs re present the ideal solution to class ify ro lling-element bearings faults in terms o f 
thei r s ignature pattern. The back-propaga tion N is able to manipulate short lengths of 
data . It can be used under time or frequency domains. However, the frequency domain 
appears to be more favourable. This subject will be dealt with in great detail si nce it is of 
major importance in thi s project. 
The ANNs technique has fairly recently been appli ed as a signal process ing and palle rn 
cl assificati on technique for faulty roll ing-element bearings. This method is based on the 
human brain scheme [33). 
2.6.2.2.1 Time domain technique 
For rolling-element bearing fai lure c las sification purpose, a system consist ing of a 
co llection of parametric time-series models can be used. These models, one for each cia s 
o f rolling-eleme nt bearing fault to be identified, are based on a back-propagation neural 
netwo rk . This method, appl ied in time-domain , has the advantage of being performed with 
very short data lengths and is suitable for application in slow and, even tuall y, in variable-
speed machinery. An important shortcoming of thi s model is that a large amount of 
misc lass ify ing occurs as soon as the amount of data to be handled becomes too great [33). 
2.6.2.2.2 Frequency domain technique 
To overcome the mai n drawback of the time domain technique, [33) proposes to present 
the vibration data to the neural network in the frequ ency domain . It is noted that 
characteri stic defect frequencies can be used for classification of faults. Another mode l 
called ' neural bearing analyser' is also introduced by [33) . Thi s NBA takes onl y cert ain 
areas of the vibration spectrum and uses a back-propagation network. 
2.6.3 Hardware 
A stress wave monitoring system often has a sensor and preamplifier associated with a 
post amplifier and signal processors of various kinds ([22)). 
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In [34] experiments, an AE signal is picked up by the sensor and transmitted to a 
monitoring system where it is processed for informati on extraction. The authors in the ir 
study have implemented an on-line system which comprises a data acquisition stage and a 
data process ing stage. In the former, the rolling-e lement beari ng's analog signature is 
converted into digital form and in the latter, element modular software algorithms are 
employed to launch the ass igned program unde r the guidance o f a supervisor program. 
The data acquisition stage contains: 
I . An AE transducer 
2. An amplifier 
3. A band pass filter 
4. An analog to digital converter 
The data processing stage consists of three functi onal units: supervisor, defect detection I 
diagnosis unit and database (c! Figure 42). 
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Figure 42: Data acquisition and processing planilication used by [34] 
On the practical side, [29] indicate that the extended memory of the digitisers is important 
for studying rotating components such as bearings since a record of the AE signal is 
desired which encompasses several resolutions of the lowest rotating component. The high 
frequency wide band AE signal dictates that a fast AID conversion rate be used (typically 
greater than 5MJ~z) whicb further emphasizes the need for long record lengths_ 
2.6.4 Triangulation 
As explained by [97] , tbe standard method of plane source location is to place three or 
more transducers on the surface of a specimen and to triangulate the source position by 
using the difference of arrival times of the stress wave emitted by the source at the sensors. 
Indeed, in Figure 43, it can be seen that an acoustic wave travelling through an elastic 
medium from its source of emission to various sensors will not reach these sensors at the 
same time. 
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I Sensor 3 
Sensor I Sensor 2 
Figure 43: Propagation or a stress wave from its source to va rious sensors 
The threshold crossing technique represents a conventional way to calculate these 
di ffe rences of arri val time '[ shown in Figure 44 as discussed by [96] and [97]. 
H 
Figure 44: The same acoustic wave does not arrive at the sa me instant at two spatia lly separated 
sensors; T represents the difference of arriva l time 
In this technique, the arrival time ofa wave at a sensor is obtained each time the amplitude 
of the monitored wave reaches a preset voltage. However, it has been reported to give poor 
accuracy results. The degree of accuracy is greatly affected by the threshold voltage level 
and the level o f attenuation of the same signal at two remotely positioned sensors: the 
signal may have very large am pli tude at one sensor whereas the second one receives the 
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same signal largely attenuated. In that sense, the thresho ld could not handle both signa ls 
particularly well. To overcome thi s situation , the cross-correlation equation was developed 
to compare the general shape of two signals rather than their amplitude. The cross-
corre lation is given by [97,98]: 
T 
R"C-r) = ~~2 Jx(t)y(t +-r)dt (56) 
-T 
whe re x(t) is the signal received by the fir t sensor at an instant t, y(t+r) is the same signa l 
received by the second sensor with a lag of r compared to the first sensor. R,ir) is the 
degree of correlation for every potentiallag r. 
So, he re the cross-co rre lati on is defined as the time average of the product of two 
function s, where one function has been delayed relat ive to the other. When plotted , the 
cross-co rre lation graph of two signals, as shown in Figure 45, exhibits a peak at the 
general delay between the two compared signals. Matl ab is implemented with a functio n 
that is able to retri eve the maximum peak in a graph . This function wi ll be used during the 
experiments. The lag -r in thi s graph is in number of samples. It is however poss ible to 
transForm this in seconds by knowin g the sampl ing rate: for example is the lag r in Figure 
45 is 25 samples and if the sampl ing rate used to record the two s ignals was 50,000 
samples per second then I sample of lag is worth I samples so 25 samples is worth 
50,000 
25 seconds or 5.10-4 seconds. 
50,000 
The main advantage of the cross-correlat ion technique over the threshold crossing 
technique is that the cross-correlation will retrieve the difference of arriva l time between 
two signa ls independently of gain or voltage threshold se lection. 
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Figure 45: Cross-corrclogram of two acoustic signals 
An issue appeared also to [97] when trying to locate a minute AE source in a thin plate. At 
such dimension, a material becomes highly di spersive due to nexural wave modes 
travelling at different velocities depending on the frequency. [22) indicated that AE is 
generated, in a material under stress, in the form of packets of waves at multi ple 
frequencies (superposition of continuous waves). General ly these signals of different 
frequency are travelling at the same velocity forming homogenous packets of constant 
shape. However, for plate waves, these various signals of different frequenc ies are 
travelling at different ve locity thus fo rming a packet of waves changing of shape as the 
packet travels in the propagation medium. In that respect, the wave shape at each sensor 
may be completely different thus leading to a mismatch of the occurrence of threshold 
crossing or misleading results given away by cross-correlating the signals. Hence, trying to 
locate a source in this situation proved to be unsuccessful. [97] indicate that this issue can 
be overcome by reducing the bandwidth of a generated signal to measure the velocity of 
waves in an aluminium bar so that a single frequency leading to a single signal velocity 
can be obtained. By such means, the shape of the signal could be constant throughout the 
medium of propagation. [t is then possible to measure nexural waves that cannot be 
controlled due to the fact that these waves travel in a material under stress. [97] achieved a 
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better location accuracy by filtering AE signals using a cosine wave modulated by a 
Gauss ian pul se to iso late the components of the same frequency buri ed into the signals 
monitored. [96], on their side, used wavelet trans forms, which wi ll be di scussed later, to 
decompose the AE f1exura l signal s in the frequenc ies required. 
2.6.5 Software 
As shown in Figure 17 several patterns in a rolling-element beari ng signature can indicate 
the condition of the element that released the stress wave . These patterns , for example, 
include peak amplitude , RMS, wave interval and wave number, ringdown count and even t 
distri bution [33,68,99,1 OOl. 
2.6.5. 1 Ring down count 
This technique involves counting the number of times per unit of time the signal amplitude 
exceeds a preset voltage - or threshold - and gives a simple number characteri stic to the 
signal monitored . 
A stress wave contains informat ion on the rate of e miss ions, frequencies and amplitudes 
within the emitted pu lses. The simplest way of characteris ing series of acousti c pu lses i 
the so-called "ring-down" coun ting. It involves counting the numbe r of times per unit time 
the amplitude exceeds a preset voltage - or threshold - and gives a simple number 
characteristi c of the signal. The severity of the rate of growth of a defect is rel ated to the 
number of counts. The main di sadvantages of this approach are that: 
I. a ring-down count is a function of s ignal frequency; 
2. the count rate is indirectl y dependent upon amplitude of pu lses; and 
3. below a certain level the amplitude of a source is in the same magnitude order of 
the ambient noi se. 
A more preferred method is the applicati on of signal analysi s technique which in vo lves the 
area under the amplitude-time cu rve. The time during which the signal exceeds four preset 
tri gger levels hav ing an amplitude relation I , 2, 4 and 8 is measured and weighed by the 
amplitude difference between these levels . 
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Figure 46: Signal area measurement by triggering 
TIME 
The output is related to the area under the amplitude-time curve of the AE s ignal. [n thi s 
example given by [47): 
(57) 
This method has been found succe sful in the detection of de fect in both the inner race and 
the outer race for the smallest defects but not for a large defect at an advanced stage of 
rolling-e lement bearing wear ([94)) . [10 I) indicate however that AE counts are useful for 
detecting race defects bigger than 250 !1m di ameter and represent a good method to detect 
de fects in roll ing elements as well. 
2.6.5.2 Signal rise time 
[t is defined as the time period between the moment when the monitored signal i first 
detectab le above a noise level and the moment when peak amplitude occurs. Dispe rsion is 
said, particul arl y by [22), to produce increases in the ri se-time which is a functi on of the 
di stance the wave travels. Thus, the measured rise time may depend in several ways upon 
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the d istance of the source from the sensor [22]. This method lacks accuracy s ince below a 
certain level the amplitude of a source is in the same magni tude orde r of the ambient noise. 
2.6.5 .3 Signal energy 
A monitored s ignal can be determined in terms of its local energy. T his energy is 
ex pressed as follows: 
I -
E = - JV (t)2 ell 
R" 0 
(58) 
In thi s definition, it is assumed that there is no noise voltage; otherwise, the integral will be 
infinite. Practi cally, the limits o f integration are the pulse length [22]. 
The prev ious defini tion assumes a large SNR. A defi nition in the presence of noise is: 
T 
I J I -2 E = - V 2 (L) dt - - V RMS T 
R" 0 R" 
(59) 
wi th the time T completely containing the s ignal. 
The main reason given by [22] fo r using energy analysis is to accentuate the s ignal with 
ei the r abnormal large amplitudes or durations. 
2.6.5.4 Event count 
After a worn ro lling element releases a burst o f stress wave, the signa l will travel by 
d iffe rent paths due to reflecti ons on obstacles . Hence the echoes of this burst will 
superpose to give a complex signature that will then be collected by a sensor. T o retrieve 
the general trend of the main signature, the event count method is often ac hieved by 
demodu lati ng the s ignal to obtain the general form of the signal. Such a method can be 
considered as a low pass filtering method. It involves a time constan t in the circuitry. It 
implies that the event count will be correct only when all the collected signals have about 
the same decay constants. A mixture o f decay constants often confuses the even t counting 
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circuitry. [n addition , a strong high-frequency s ignal liable to give useful information may 
be losl. 
2.6.5.5 A veraged frequency of an RMS signal 
In Figure 47 is presen ted the algorithm used in the experiments led by [29]. It cons ists in 
performing a continuous batch mode with burst elements of the recorded AE s ignal. The 
end of data recorded processing then enables the acquisition of the nex t comi ng s ignal. 
These stages form a closed loop. 
input 
+ ~ 
Digitised AB Data batch 
" 
Data processing output 
Figure 47: Processing method in continuous batch mode 
For the data process ing stage, one demodulates the AE recorded signal through the use of a 
digital RMS computation with an integration time constant of 25 IlS. The frequency modes 
of thi s "enveloped" signal are found with the application of a series of FFTs. The obtained 
signal is finally averaged in order to find the most recurrent frequency modes. 
2.6.5 .6 Count or energy per event 
As a bearing approaches failure, its visualised bursts signature may become larger. If the 
increase truly re flects thi s bearing state then a running calculation of the counts or energy 
per event can be applied to determine it. According to [22], either the count or the energy 
per event give about the same result for most ex periments. However the same author 
recommends using the energy per event measurement for a change ei ther in the damping 
factor or the frequency. 
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2.6.5.7 Pattern class ifier 
Based on the signature generating mechan ism, the proposed scheme employs a processi ng 
sequence consisting of non-linear smoothjng and short-time signal process ing techniques 
followed by an auto-correlation to extract features from roll ing-element bearing AE 
signals. These features are fed into the pattern class ifier to detect and diagnose rolling-
element bearing defects. tn a document authorised by [34], the following seven steps are 
applied (c! al so Figure 48): 
I . A time-domain Acoustic Emiss ion method is investigated for rOlling-element bearing 
condition monitoring. 
2. A high pass filtered signal commg from the AE transducer with median smoothing 
enables insensitiveness to discontinuities in the input signal. 
3. Then, two short time signal process ing techniques, i.e. SE and ZC are used. 
4. An auto-correlation funct ion applied to each output data gives the rate of occurrence of 
a single AE burst. 
5. A peak finding computation applied to the auto-correlation results extracts the eventual 
AE defect frequency. 
6. At thi s stage, a comparator juxtaposes the frequencies fSE and fzc with PSE and Pzc. 
7. Finally, a pattern class ifier carries out the class ificat ion of the rolling-element bearing 
condition based on PSE and Pzc giv ing then an alarm andlor a di agnosis. 
lIy 
Bearing 
ll"l'''' 
al\1 
rpm 
I3cruing 
AEsigl'la 1--
I·figh pass ,. 
filter 
Onraaeristic <Efect 
frequcrcies corrp...ltatioo 
P" r-L.-SlO1-(inc 
~ Autooorre- ~ Peak f--ercrgy lation firding PSI; (SE) • ..... t--
- . 0 
nl!dian fse ~ f--1 )--
srrooti"Cr ro 
..... 
ro 
Zero P", Cl ~ S crossing ~ Autocorre- Fl!.1k f--lation 0 P", r.lIC (2C) firding 
f--. U 
'--f", 
Figure 48: Pattern classifier used by [34] 
l14 
.... 
<U 
<.::: 
.-
'" 
'" ~
-< () 
c 
.... 
<U 
.... 
.... 
~ 
0... 
~ AJamr' diagrosis 
2 STATE OFTHE ART IN ROLLING· ELEMENT BEARINGS CONOITION MONITORING 
A cost-effecti ve approach ID the condition monitoring of multiple roll ing-element bearings 
Formulas: 
The Running median (median smoother) is: 
M (11 ) = M [x(m)w(n - m)] 1:=_ (60) 
Where w!n)= l if 0:0; n :O; Nw- I , and is not valid otherwise. 
Then, the Short-time energy function can be calcu lated such as: 
" 
E(I/.) = I x' (m.)wCn - m) (6 1 ) 
11/=-
Where X(II) is the sampled signal and w(n)= I if 0:0; 1'1 :0; Nw - I , W(II )=O otherwise. 
One can the obtain the Zero Crossing rate: 
" 2:1 sgn[x(m)] - sgn[x(m - 1)] 1 W(II - lit) (62) 
111=_ 
Where sgn(x(n))= 1 if x(n) <! 0 , sgn(x(n))=- I if x(n)<O, and w!n)=JI2N... fo r 
0:0; n:O; N", - I , w(n)=O otherwise. 
2.6.5.8 Statistical analysis 
The use of stati stical parameters in condition assessment of rolling-element bearings is 
widely accepted [72,85, 102, 103]. The information of a rolling-element bearing signature 
such as the shape of its distribution of the amplitude probability and the ene rgy level of the 
s ignal retrieved using statisti cal parameters can be ext racted. The trend of the measured 
stati stica l parameters is usually recorded to foll ow the development of a rolling-element 
bearing fault. Most of the statistical analysis ca lculations necessi tate the inclusion of the 
moment: 
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M , =~ :t (X, -x)' 
N '=1 
(63) 
The RMS value (also used by [34,92, 104-1 07]), being the square root of the second-order 
moment, of a signal giving its intens ity is as follows: 
RMS = 
-
Jx 2 p(x)dx = 
I 1I 2 
- L X, 
n .1: =1 
The standard dev iat ion (as used by [108]): 
(J" = , 
-
J(x- X) l p(x)dx = I ' - L (X,-X)2 
1I k:cl 
(64) 
(65) 
The vari ance is the second order moment and represen ts the deviation from the mean: 
. 2 
varIance = Us 
The skewness val ue 
M 
ske\V=-J 
(J" J 
, 
The kurtosis value (al so used by [92, 107- 11 0]): 
k . M , urlOSIS =--4 (J", 
11 6 
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The peak value: 
Peak = ~ (max(x;) - min(x;» 
The crest factor (used by [92,107 ,110]) 
max Peak 
Crest factor = ---'--
RMS 
The impulse factor: 
max Peak Impul se factor = .:.:.:.::.:.:.:....::..:::~ 
M , 
And the shape factor: 
Shape Factor 
RMS 
2.6.5 .9 H igh Frequency Resonance Technique (HFRT) 
(69) 
(70) 
(71 ) 
(72) 
The moti vation behind the HFRT is to take advantage of the high amplitude AE 
information recorded among the sensor resonant frequency band. Most AE sensors have 
resonant frequency bands around 100 kHz and 300 Hz. It allows a dramatic decrease in the 
amount of data to process which would be due to the high sampling rate required for AE 
signals. Since the high frequency AE signal is enveloped, it shows a pattern at low 
frequency. 
It is noted that high frequency AE s ignals also con tain rolling-element bearings 
characteri stic frequencies which are often embedded. HFRT is used to ex tract these low 
freque ncies by a demodulati on process . In particu lar [Ill] successfu ll y applied this 
techn ique to detect rolling-element bearings' incipient faults. 
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Once the signal has been demodulated , it is then processed using an FFf ([34])_ The 
demodulation or envelope can be obtained using an analog processor or the Hilbert 
transform ([11 2]). To give greater sensitivity to the detection of the defect frequencies, a 
'normalization' of the envelope-detected frequency spectra is proposed by [11 3] . To do so, 
the spectrum of the fau lty rolling-element bearing is normalized with respec t to the healthy 
bearing. 
The HFRT can be illustrated using the diagram as shown in Figure 49 ([92]). 
AE data ~ Band-pass r----. Demodulation r----. Low-pass filter filter 
~""""': : ...... ~ 
11 I 1 I • I I I ~ 1/ I: ~ , :. ......... : L .. ..J 
Figure 49: Block diagram of I-IFRT ([92]) 
As discussed earlier, the recorded AE data contains a wide frequency band from few tens 
of ki lohertz up to several megahertz. However, only the band around the AE sensor 
resonance range is amplified s ignificantly . Hence it is expected to see higher amplitudes 
around the band in Figure 49. 
Although widely used in industry in single rolling-element bearing fault detection, thi s 
technique has been proved inefficient with advanced damage. Actually, [92] indicates that 
the resolution of the HFRT method is superior when compared to the conventional spectral 
analysis. Although the defect frequency may be submerged in the rising background level 
of the spectrum ([33]) , [92] included the Adaptive Line Enhancer (ALE) as a HFRT pre-
processing technique to avoid thi s problem by improving dramatically the resolution due 
to higher Signal-to-Noise Ratio (S R). Various other improving techniques such as 
enveloping, masking, Adapti ve Noise Cancellation (ANC,) and match filtering are 
suggested in order to suppress interference and increase SNR ([1 14,1 15]). A 
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comprehensive review of the app lication of the HFRT technique to rolling-element 
bearings condition monitoring is given by [371-
2.6.5. 10 Wavelet transforms 
Wavelets are much more powerfu l than the typical Fast Fourier Transform (FFT) in that 
they are able to process a signal both in term of components content and time of 
occurrence of each component. For instance, the FFT is p lotting each frequency 
component but is unable to define when each freq uency component occurs w ithin the 
whole signaL Wavelet transforms use scales instead of freq uencies_ 
Instead of talking about frequency , it is better to talk about pseudo-frequency 
corresponding to a scale_ This can be achieved by computing the centre frequency Fe of 
the wavelet and to use the fo llowing relationshi p_ 
F = !'!._Fc 
" 
(73) 
a 
The idea is to associate a given wavelet wi th a purely periodic signal of frequency Fe- The 
frequency max imizi ng the FFT of the wavelet modulus is Fe- Figure 50 shows some 
examples of wavelets with the associated approximation based on the centre frequency_ 
These wavelets are fou r real wavelets: Daubechies wavelets of order 2 and 7, coiflet of 
order I, and the Gaussian deri vati ve of order 4 _ The cen tre frequency-based approximation 
captures the main wavelet oscillat ions hence the centre frequency is a convenient and 
simple characteri zation of the leading dominant frequency of the wavelet. 
For a pseudo-frequency Fe associated with the wave let function and if this wavelet is 
dilated by a facto r a, the centre frequency becomes Fe . 
a 
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Wavelets are fami lies of functions generated fro m one single function, call ed an analysing 
wavelet o r mother wavelet, by means of scaling and translating operations. A typical plot 
that can be obtai.ned from the time-do main signature of a ro lling-e lement bearing can be 
seen in Figure 51. 
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100 
scales I 
Figure 5 I: Wavelet plot of a rolling-element bearing signature with scales a (scaling) and time b 
(tra nslating) 
Some of its appl ications in AE signal processing are reviewed by (33) especiaJl y in the 
power-engineering fi eld where (11 6) mention some mother wavelets such as Haar, 
Oebauchies (D4, 0 20, etc.) wavelets or Morlet wavelet. The Haar wavelets are said by 
(11 7) to have poor locali sation in the frequency domain. (117) indicate that the 
Oebauchies-4 wavelet (04) has a better locali sation capability in the frequency domain. 
Oebauchies wavelets are also used fo r detection, localization, identi fication and 
classification of power di sturbances [11 6]. Another important fi eld of application is 
reported to be in vibration based bearing analysis by [95, 118]. 
The difference between each kind of wavelet is mainly due to the di fferent length of filters 
that defines the wave let and scaling functions. 
On the other side wavelets must have some characteri stics identical for all : necessity to be 
oscillatory, to show a quick decay to zero, the transition to zero has to last only for a short 
period and must integrate to zero. 
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As opposed to the traditional FT, the Wavelet Transform enables the analys is in the time-
scale domain (then frequency) at the same time. Moreover, this latter has been suggested 
to ex tract very weak signals for which the former becomes ineffecti ve . Particu larl y, it is 
capable of trading one kind of resolution for another, which makes it suitable fo r the 
analysis of non-stationary AE basis signals such as periodic structural ringing due to 
repetiti ve force impulses, event generated upon the pass ing of each rolling element over 
the defect. This resolution flexibility also helps to separate temporally or spatiall y well-
locali sed features mixed in an AE transient signal. This requires the use of anal ysis 
methods versatile enough to handle signals according to their time-frequency locali sation. 
[93] shows that the main advantage of Wavelet Transform as compared with the STFT is 
that the size of the analysis window is not constant ; it varies in inverse proportion to the 
frequency (i.e., a = Wo / OJ) . This property enables WT to zoom in on detail s but at the 
ex pense of a corresponding loss in spectral resolution. Since the trad itional Fourier 
techniques cannot simultaneously achieve good locali zation in both time and frequency for 
a signal, the name of the game in the time-frequency analysis is to trade one type of 
local ization for the other. In this respect, we should note that most power signals of 
interest include a combination of impulse-like events (spikes and transients) . STFT and 
other conventional time-frequency methods are much less suited to the analysi s of short 
duration signals. [116] argue that Wavelet Transform can offer a better compromise in 
terms of locali zation. 
[n fact Wavelet Transform, unlike the FFT, can vary the window size of the complete 
signal cycle whether the information possesses a high frequency (short time window) or a 
short frequency (large time window). This resolution depends on the scaling factor able to 
"stretch" or compress a function to be anal ysed. Actually, the compressed version is used 
to satisfy the high frequency needs and the di lated version is used to meet the low 
frequency requirements. The other important parameter with the scaling factor is the 
translating factor. Hence, the trans lated version is used to obtain the time information of 
the function to be analysed. In this way, a family of scaled and translated wavelets is 
created and serves as the base, the building blocks, to represent the function to be 
analysed. 
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One can classify wavelets under two families call ed Discrete Wavelet Transform (DWT) 
and Continuous Wavelet Transform (CWT). 
From [42,43,45,116, 11 9], CWT is said to be more suited for data compression and signal 
synthes is. [n addition they suggest CWT is the most convenient for transient detection and 
fealLIre ex traction. [47] adds that wavelets can o nl y recover the relative stronger frequency 
components from the vibration signal and give ri se to significant error when reso lving the 
reverberation times of relatively higher-frequency components in a room impulse 
re ponse. He also indicates that their performances at low frequencies are not satisfactory. 
However [33] point out that DWT should be susceptible to detecting a ro lling-element 
bearing defect at the pre-spalling stage. The difference in these results may be due to the 
different S R depending on a processing in low frequency range (vibration) or higher 
range (Ultrasonics) due to the location of the mechanical noise in the low frequency 
spectrum. 
The Wavelet Transform Wx(b,a) of a continllolls-time signal x(t) is defined as: 
(74) 
which also can be noted: 
Thus , the Wavelet Transform is computed as the inner product of x(t) and translated and 
scaled vers ions of a single function If/(t) , the so-called mother wavelet. The asteri sk 
denotes a complex conjugate. 
For a fixed a the previous transform can be seen as a convolution of X(I) with the time-
reversed and scaled wavelet: 
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W, Cl, a) = lal-i x(t) * If/" (t), If/" (I ) = 1fI*( ~I ) (76) 
The pre factor Icfl/2 is introduced to ensure that all scaled functions lal-I /21f1* (I / a) with 
a E 91 have the same energy [1 20]. 
Instead of conti nuous dil at ion (or scaling) and translation (or shifting), the mother wavelet 
may be dilated and trans lated discretely by selecting a = a;' and b = nboa; , where ao and 
bo are fixed values wi th ao > I, bo > O,ln,n E Z, and Z is the set of positi ve integers. Then 
the d iscreti zed mother wavelet becomes 
(77) 
and the co rresponding discrete wavelet transform is given by 
DWT~I(m, n) = (J, If/", ,,) = [1(1) If/,:,,, (t )dr (78) 
DWT provides a decomposition of a signa l into sub-bands with a bandwidth that increases 
li nearl y with frequency. 
The Modet or Gabor wavelet 
(79) 
For a mother wavelet If/" .b ' the centre of If/" .b is positioned at x = b and the standard 
dev iation of its gaussian envelope is (J" = a. Its Fourier transform is also a gaussian 
function, with a central frequency aJ = liIo / Cl and a standard deviation (J '" = a - I . 
However, [53) reported that, for an exponenti all y decay ing signal , the STFT was more 
effecti ve than the Wavelet method in the freque ncy range unde r 5 kH z. He used in hi s 
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experimen ts a Wavelet transform implemented by the harmonic wavele ts in order to 
compare it with the STFf method_ In fact , he reported weaknesses in performance of the 
Wavelet methods on a vibration signal and room impulse response obtained from 
experiments. 
2.6.5. 11 Neural Networks (NN) 
The signal processing methods for stress wave signals have been further improved wi th the 
development of new techniques such as Neural Networks and pattern recognition. The 
appl ication of Neural Networks is a very attractive solution due to its w idely accepted 
biological background. N s are useful in processing non-linear signals. This is the case in 
this project since the propagation of a stress wave can be affected by multiple parameters 
such as the propagation medium temperature, the humid ity rate, the concentration of dust 
in the air, etc. This technique can approximate functions more fl ex ibly than mathematica l 
equati ons. Neural Networks are able to be trained and can improve with time. This 
technique has been regularl y used in recent papers to monitor the condition of mechanical 
e lements. [90] employed neural ne tworks to classify rolling-element bearing conditions. 
The inputs were taken from both vibration and AE signal in which the HFRT and ALE 
techniques were utilized first (also app lied to monitor one ro lling-element bearing at a 
time). [99] compared the results obtai ned from conventional stati stical ana lysis and neural 
networks in the detection of rolling-element bearings using AE signals. A large number of 
neural network architecture can be found and the app lication will define the most effecti ve 
architecture. For example, backpropagat ion networks are very common fo r most 
applicati ons while function approximat ion tasks are better resolved using radial bas is 
networks (RBF). The self-organizing map (SOM) networks are able to reveal the input 
di stribution characteristics. 
In terms o f rolling-element bearings fault detection and cond ition monitoring most 
common networks have been reported ([20, 103, I 09, 12 1 D. 
2.6.5.11 .1 Radial basis function Neural Network 
A few papers di scuss tri angul ation by Neural Networks as a poss ible method to locate a 
single ro lling-element bearing. In a recent report , [66] use sensory neural networks to 
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locate AE sources_ Although the exact locat ion of an AE source at an estimated di stance 
wi th respect to previously exact measurement points has not been accurately fo und , it 
appears to give the closest resu lts ever obtained in accordance wi th the present application. 
The authors' principal goal is to measure the difference of arrival time of an AE wave 
between two sensors, determine the position of unknown AE source by interpolating the m 
with a li brary of known signals location. A sensory neural network technique, under the 
form of a RBF, is applied to an information processing system to map the source 
coordinates. 
[66] ex tended the existing technique so that continuous AE sources could be also 
monitored. 
This obviously increases the processing complex ity fo r time arriva l determination givi ng 
the associated di stance location since the ri se time of a single pulse is lost in multiple 
superpos itions. Since the time difference between two bursts in a continuous emiss ion 
s ignal cannot be retrieve easily, [66] propose to use the correlation function as an 
alternati ve. Hence this latter function is utilised for the comparison method as the input 
signal from which the neural network can associatively estimate the position of the 
continuous aco ustic wave. It is shown by the same authors that on average, the error of 
estimated position is found to be less th an the di stance between two nearby prototype 
sources. It is concluded by the authors that the locator properly estimates the zone from 
which the AE signal arri ves. 
However, they recognise that the method is less successful in exact interpolating. They 
assu me that thi s weak abi li ty of generalization is due to the complex structure of the 
correlation function of the stochastic AE phenomenon, which is a consequence of the wave 
propagation in the plate, acting as the propagation medium, and the source mechanism. 
2.6.5. 11 .2 Feed-forward Neural Network 
1n the Trigonometry and Cross-correlation chapters, the x and y coordinates of the wave 
source are used to determine the associated differences of arri val time. When recording a 
stress wave us ing three sensors and a data acquisition board, on ly two differences of 
arrival time can be obtained and from thi s information the source coordinate can be 
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retri eved. For thi s reverse process, a feed-forward neural network could be used. Like a 
mammal brain , a neural network learns from examples and generali zes the acq uired 
knowledge to a wider range of situations. According to [122], Back propagation Neural 
etworks, properly trained, tend to give reasonable answers when presented with inputs 
that they have never seen. In other words, these networks can learn to generali ze by 
interpolating with data encountered during their training process. This generalization 
property makes it poss ible to train a network on a representative set of input/target pairs 
and get good results without requiring to train the network on all poss ible input/output 
pairs. The term Backpropagation is one of the most widely used algorithms for training a 
Multi -Layer Perceptron (M LP) in a supe rvi sed manner which means that thi s type of 
arch itecture needs to be provided with associated ou tputs to be able to create a corre lati on 
map between inputs and outputs. A Multi -Layer feed-forward network is an architecture 
often used in association with the backpropagalion algorithm (fo r more details please refer 
to [1 22- 124 D. A Neural Network is composed of simple functions, re presented as neurons, 
linked together by weights. A weight decides the effect each simple functi on will have on 
the overall model. A feed-forward neural network , which is an MLP, has a set of input 
units whose function is to take input values from the outside, a set of output units which 
report the fi nal answer, and a set of processing hidden units or layers that link the inputs to 
the outputs . The function of the hidden units is to ex tract useful featu res from the input 
data. These are then used to predict the values on the output units. The val ue displayed by 
each unit is known as its acti vat ion. The acti vation of the input units is set by the input 
values given to the network and the activation of the output units is decoded to prov ide the 
final answer. As seen in Figure 52, several inputs can be connected to the same unit or 
neuron of the first hidden layer. 
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Figure 52: Detailed example of a 'eural elwork ([122]) 
In that case, each input is multiplied by its own weight and all the weighted in puts feeding 
the same hidden neuron are summed. Each summation function possesses as well a bias 
that pulls the inputs to the hidden and OUlput units into the correct range for the non-linear 
transfer functions that compress the data range. These transfer or activation functions are 
fed by the previously di scussed summations. There can be several types of transfer 
functions but the most current are Log-s igmoid or logistic, linear and Tan-sigmoid or 
Tanh. If the last layer of a multi-layer network has sigmoid neurons (a sigmoid fu nction 
has an S shape), the outputs of the network are limited to a small range (-I to I fo r T an-
s igmoid and 0 to I for Log-s igmoid). If linear output neurons are used, the network 
output s can take on any value. 
Once the neural network is assembled, it has to be trained with some data called training 
data. The train ing consists of comparing a set of target data provided by the user and the 
actual output of the network for a batch o f examples given at the network input. The 
weights of the network will be adjusted during the training stage by looping the input 
examples a specified number of epochs or until the di ffe rence between target and output 
has reached a minimum specified. This difference is called error. The mean square e rror 
(mse) - the average squared error between the network outputs and the target outputs - is a 
very standard performance function. Indeed the back propagation algori thm involves 
performing computation backwards through the network to determine the error. Although 
mse is an effecti ve measure of error there ex ists al so a large quantity of different training 
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algorithms that can be used to determine how to adjust weights and biases to approach the 
target values. The Matlab tool box 6. 1 possesses a large quantity of such algorithms that 
may have different performance depending on the type of task to be achieved. The 
Network training time can vary significantly depending on the algorithm and network size 
and other parameters. Since the network weights are randomly selected at the start of the 
training stage, the trairling process and the number of epochs could vary. The best practi ce 
may then be to train from scratch a network a certain number of times and calculate the 
average duration for a training process for each training algorithm. One of the training 
algorithms presented by [122] is called the Levenberg-Marquardt algori thm. The same 
authors indicate that it is a fast algorithm using a numerical optimi sation. Hence it is 
claimed to converge between ten and one hundred times faster than the more standard 
training algorithms. In addition, it appears to be the fastest method for training moderate-
sized feed-forward neural networks (up to several hundred weights). After training the 
network, its response should be tested with data it has never seen. The network response 
should be consistent with what is expected. 
2.6.5.11 .3 Self-Organizing Maps 
[121] applied Sel f-Organizing Maps (SOM) to extract features and ciassi fy rolli ng-element 
bearings conditions. The inputs were taken from stati stical parameters such as peak-to-
peak va lues, abso lute mean value and crest factor. 
The architecture of SOM network can be illustrated using 2-dimensional lattice as shown 
in Figure 53 ([10,75]). 
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Figure 53: The architecture of SOM netwo rks ([ I 0 ,75]) 
This arch itecture is composed of two separate 2-dimensional latti ces of neurons connected 
together. The input neurons are projected onto the output lattice . This model has strong 
biological grounds since it is trying to ex plain the mapping relationship between the retina 
and the visual cortex. 
The purpose of SOMs is to project the input patterns onto the 2-dimensional lattice so that 
the output neurons are arranged in a similar manner as that of the input space. The learning 
algorithm of SOM can be stated as follow: 
I . Initialisation ; 
2. Competition; 
3. Cooperation; and 
4. Adaptation. 
2.6.5.11.4 Inilialisalion 
Like other neural networks, the synapt ic weights connecting the input layer and hidden or 
output layer are initialised first. One common way of initial ising the weights is to ass ign 
each weight with a small random value. 
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2.6.5.11.4.1 Competition 
Given an input pattern, the network computes the output values according to a chosen 
di scriminant function. Among the output neurons, onl y one particu lar neuron with the 
closest relationship to the input vector is picked up and labelled as the winning neuron. 
Suppose an input vector picked up randoml y fro m an input space is denoted by 
(80) 
The synap tic weight vector connecting the j lh neuron and the input vector is denoted by 
Wj = [\Vj l , wj 2 "." w jm r, j = 1,2, . .. , n (8 1) 
To determine the closeness between the in put and weight vectors at time ste p I, the 
Euclidean distance is used so that the winning neuron is picked up accord ing to : 
(82) 
hence the i1h neuron is picked up as the competitive neuron. The winning neuron best 
matches the input vector in the sense of the Euclidean distance . 
2.6.5.11.5 Cooperation 
Once the winning neuron IS picked up, the centre of topo logical neighbourhood for 
cooperation is determined . The nex t step is to select the neurons within the neighbourhood 
and using a number of methods for determining the neighbourhood neurons such as 
rectangular funct ions, hexagonal functions and gaussian function. 
2.6.5.11.5.1 Adaptation 
The key step in self-organising training IS to update the synaptic weights so that the 
Euclidean di stance is minimised. The updating strategy is defined as: 
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(83) 
From the above equation, it can be seen that onl y the weights of those neurons defined 
wi thin the to pological neighbourhood of the winning neuron i will be updated. The 
synaptic weights o f neurons lying outside the neighbourhood w ill rema in unchanged. 
As the winning neuron i best matches the input vector X in the sense of the Euc lidean 
di sta nce, the above learning strategy is able to move the synaptic weight vectors towards 
the d istri bution of the input vectors. 
The SOM networks have been applied to analyse diesel engine acousti c signals in an effort 
to detect and diagnose engine fa ults [75]. In thi s application, a large amount o f acoustic 
data was reduced signi ficantly while max imum in fo rmatio n has been condensed into the 
network' s synaptic we ights. By analys ing the weights using some statistical analys is and 
spectral methods, the differences in engine test cond itions could be revealed . This method 
signifi cantl y reduces the data dimensions and data s izes . 
2.6.5. 12 Fuzzy logic 
Th is method deals with imprecise events. It enables the approx imation of non-linear 
systems. [ 125] developed an algo ri thm us ing fuzzy logic, implemented in an expert 
system, to help the mai nte nance user in the diagnosis of ro lli ng-element bearing fau lts. 
The authors' acqui sition system included a rad ial acceleromete r from ](js tler to monitor a 
ro lling-element bearing dri ven by a high speed motor rotating at 3450 rpm . Defects o f 0 .06 
in . in di ameter and 0.005 in in depth were introduced along the inner and outer races and 
rolling elements (or combination). Co ndition assessment of the fuzzy system was 
compared with the kurtosis, variances, crest fac tor, peak-to-peak, HFRT and patte rn 
recogn ition technique and was the onl y techniq ue to achieve 100% success rate in the 
rolli ng-element bearing condition assessment diagnostics. 
2.6-5. 13 Fuzzy Wavelet Network (FWN) 
The main advantage of a FWN is that it allows a certain degree of imprec ision thus 
enab ling the approx imation of nonlinear systems [84, 11 5]_ A NN w ith a wavelet transform 
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as a transfer function (WNN) is si tuated at the micro level of the FWN. The NN included 
inside can, for ou r purpose, compare the different behaviour with a series of ro lling-
element bearing signatures memori sed under the fo rm of a library (c! fo r example it can 
be used as a classification tool for roll ing-element bearing conditions [90]) . Since roll ing-
element bearing signatures are not always iden ti ca l, the NN is implemented with Fuzzy 
properti es that accept a degree of imprecis ion in the way our brain does for pattern 
recognition. Hence, the FWN consists in a set of fuzzy rules. Each rul e corresponding to a 
sub-W N, according to [115], is represented by single scaling wavelets (Figure 54). 
Moreover, the wavelet transforms are introduced in the hidden layer. They are used as the 
non-linear transformat ion function instead of the usual sigmoid function present in this 
layer. Hence, these wavelet bases enab le the capture of different behaviour (local or 
global) in the spectra of a monitored signal (di scussed prev iously but also in [ I 15] from 
[1 26, 127]). This is an interesting property since [115] indicate that wavelets wi th coarse 
resolution can capture the global (low frequency) behaviour eas il y, while the wavelets 
with fine reso lution can capture the local behaviour (higher frequency) of the function 
accurately. Such a property should enable process ing and interpreting both low frequency 
envelope signal and ultrasonic useful information comprised in the raw monitored stress 
wave. 
The fuzzy sets are also acting here_ Actua ll y, they determine the contribution of the sub-
WNNs to the output of the FWN. This a llows the implementation of the FWN with a 
number of wavelets acco rding to their resolut ion capability and reduces the difficul ties of 
selecting them. In add ition, a FWN has the advantage of havi ng variable wavelet bases: 
dilat ion, translati on parameters and the output layer weights are adjustable. Thus, one can 
obtain a model with improved function approx imat ion accuracy in term of the dil ati on, i.e. 
resolution, and translation parameters of wavelet, i_e. time in formation extraction, 
meanwhile not increasing the number of wavelet bases. This is the reason why [I 15] uses 
the FW with its multi-resolution capabi lity. He also introduces the poss ibi lity of applying 
it to function approxi mation problems, system identification, signal process ing and 
con trol. The algorithm given by [115] for constructing the FWN is shown in Figure 55 . 
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Figure 54: Architecture of the four layers FWN ([ 115]) 
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Figure SS: The algorithm for constructing a FWN 
2.6.5. 14 Independent Component analysis (lCA) 
The lCA is based on the Blind Source Separation (BSS) technique . For source separation 
thi s method does not use the s ignal energy but re li es on the statistical independence of 
each source in a mixed signal. Hence, the small er energy, i.e. with low SNR, could be, in 
theory, separated from a background noise. 
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This technique may help to detect very small energy signals which would not be separated 
wi th standard analysis like Fourier Transform or W avelet Transform. 
A CWT could then be applied following this method in order to plot the time-frequency 
domain allowing a visual interpretation of the results. 
The idea of the ICA deri ves from the well -known cocktail-party scenario [1 28]. The 
situation described by this problem imagines two people talking constantl y to each other in 
an anechoic room while two microphones are placed in the room to record the acoustic 
s ignals. The speech signals arri ving by two speakers are denoted by sdI) and S2(1) 
respectively. The recordings by the microphones xdl) and xlI) are the linear combi nation 
of the speech signals: 
{
X, (t) = all s, (I) + a'2s2 (I) 
x2 (I) = a2,s, (t) + Cl22 S 2 (I) 
(84) 
the parameters Cl ij on the ri ght-hand side depend on the micropho ne distances and room 
acoustic. 
It can be seen that thi s model applies to the vibroacoustic signature of ro lling-e lement 
bearings in w hich sdI) and s'(t) can be regarded as true stress wave signals and X,(I) and 
X,(I) represent vibroacoustic sensor recordings. Clij are mainly determined by vibroacoustic 
signal transmission paths from sources to sensor. Obviously the vibroacoustic sensors are 
independent from each other. 
The above cocktail-party problem is concerned wi th the separation of the unobserved 
latent speech signals sdi) and S,(I) from the microphone recordings onl y. This classic 
cocktail-party problem implies the idea of BSS and ICA: recovering the origina l latent 
source signal s from the measured mixtures. The term blind in BSS means both the mixing 
process and the latent sources are un known . The only a priori knowledge is the 
assumption that the sources are statisti call y independent. 
The process of the ICA can be illustrated in the fo llowing block diagram [10,42] . 
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Figure 56: Principle of [CA 
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In thi s model, the source veClor 's' is firmly mixed by an unknown process denoted by the 
mat rix A and produces the observation vector 'x'_ The next step is to find a demixi ng 
matrix W so that an output vector 'y' , which is similar to the source vector 's', is 
generated . 
To demonstrate the capability of ICA, a numerical example from (42) IS given below. 
Figure 57 shows the four simulated signals and their artificial mixtures. 
The first two are s inusoidal signals with frequencies of 5 Hz and 10 Hz respectively. Both 
of them have the same unit amplitude. The two transients are simulated using stead y 
s inusoidal s ignals multiplied with exponentially decaying functions. The steady osci ll ation 
frequencies are 25 Hz and 30 Hz. The decaying rates are set at 4 and 8 so that the fi rst 
trans ient las ts a litt le longer than the second one. Their starting positions are located at 2 
seconds and 4 seconds respecti vely. The mixed results in Figure 57-Cb) give little 
information about the individual sources. Performing the Fourier analysis reveals that all 
the mixed signals have simila r spect ra in which the two carrying frequencies 5 Hz and 10 
l--lz dominate in the spectra . On the other hand, the transients are completely mixed 
together in spectra with rather low ampl itudes. 
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(a) Original signals (b) Mixed signals 
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Figure 57: Simulated source signals and their mjxtures taken fro m [42] source signals and uniform 
mixture: (a) source signals; (b) uniform mixture 
In Figure 57 -Ca), a number of di fferences can be found. First, the sequence is no longer the 
same as the originals. Secondl y, the amplitudes are amplified to some extent due to weight 
adjustments of the dernixing matrix implying the ori ginal energy information to be lost. 
Also each llldependent Component (lC) contai ns onl y one source ind icating the sources 
are separated . 
138 
2 STATE OFTHE ART IN ROLLING-ELEMENT BEAR [NGS CONDITION MON ITOR[NG 
A cost-effect ive approach [ 0 [he condition monitoring of muhiple ro lling-element bearings 
The estimated results by ICA 
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Figure 58: Sepal-a lion results by the leA 
The above example demonstrates that the [CA is able to separate the mixture USIng a 
different strategy so that the problem is treated like a black box . These methods - BSS and 
ICA - but also PCA have been used in vibration and acoustic signal processi ng by a 
number of authors including [9, 11 ,12, 14,42]. 
This method is very efficient. However, it requires the implementation of as many sensors 
as sources mixed together which is a major limitation. 
2.6.5. 15 Chaos Theory 
According to [129] , real-life systems are highly non-linear. The study of chaos is strongly 
rooted in non-linear dynamics. Chaotic motion is not a rare phenomenon. Even using 
today's computing power the prediction of the behaviour of non-linear systems is not 
100%. The best that can be achieved is about 80%. The degree of success of chaoti c 
sys tems is much less than this figure. In his literature survey [129] indicates that the chaos 
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theory has been applied for the diagnosis and the prognos is of bearings, as well as for 
damage assessment of structures and for tri bological investigation. The author discusses a 
paper written by [130] that presents a convenient algorithm for determining a particul ar 
a lgori thm, the correlation dimension, from time series vibration acceleration data which 
appears to be useful to monitor a rOiling-element bearing with vari o us induced faults. 
[1 29] present as well a method developed by [1 3 1,132] for fault detection and prognosis 
for rotating machines and giving good perfo rmance for the detection, di agnosis and 
isolation of faul ts introduced by changes in the system paramete r/structures, which 
somet imes results in increased nonlinearity in rotating machinery system response. [n their 
study on roll ing-element bea.rings, [9 1] state that a technique involving the study of chaos 
is able to detect incipient faults in a rOiling-element bearing earlier than tradi ti onal 
statisti cal parameters such as skewness, kurtos is and crest facto r. They explain that in 
chaotic systems the vibroacoustic time seri es signals evo lu tion is very sensiti ve to the 
ini tia.i condi tions. Thus, a minute vari ation at an initi al stage could lead to a dramatic 
change at a later instant. This effect would increase the reso lutio n and help in the 
d ifferenti ati on between normal and damaged rolling-element bearing. [1 33] used a fractal 
dimension, call ed the correlation dimension, from a raw time series (roiling-element 
bearing signature) collected by an accelerometer fo r the condition monitori ng of a rolling-
element bearing rotating at 3000 rpm. The authors were able to differenti ate between a 
healthy element, a fault on the inner race, the outer race and on the rolling element . [9 I ] 
di agnosed da.maged rolling-element beari ngs by experimenting on the following three 
chaos parameters: attractor reconstruction, corre lation and Lyapunov exponent . 
2.6.5. 15. 1 Aurae/or reconstruction in pseudo-phase plane 
This method, also known as embedding space method, requi res onl y a set of vibroacoustic 
data obtai ned from the rotating rOiling-element bearing. It is given by the fo llowing 
equation: 
v" (1) = {x(t), x(t + -r,), ... , x(1 + (m - I)-r,)} (85) 
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m is the dimens ion in the time-delayed pseudo-phase space. "IS is a constant value. The 
shape of the attractor wi ll vary according to this val ue "IS hence enabl ing the determination 
of the most suitable shape to improve the diagnostic. 
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Figure 59: Typical chaos attractors for faulty ro ll ing-element bearings 
2.6.5. J 5.2 Correlation dimension. 
The correlation dimension can be calcu lated by correlat ion integral. For a point on the 
reconstructed attractor v(i) (equat ion (8 S)) , the correlat ion integral wi ll be defined as: 
C(r) = lim~ fI (r" - lraU )- ra(J)l) 
N4°o N ~ . j=;: 1 
.. ) 
(86) 
wi th N being the number of data points in the atlractor, r is the radius of the hypersphere 
centred at ra(i) and the EucIidean distance lra(i)-ra(j) l. The Heaviside's functi on IH(t) is 
defined as : 
I II(t)={~ (t <: 0) (c < 0) (87) 
If the correlation integral within the radius r of the hypersphere is expressed as: 
cm ( r ) oc r ,"(m ) (88) 
or 
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log cm (r ) oc ra(m) log r (89) 
the correlation ex ponent ra(m) is defined as the slope of equation (89) and increases wi th 
the dimension Ill. However, if it converges on a certain value, it is then named as the 
correlation dimension and defined as D2. 
2.6.5. J 5.3 Lyapunov exponent 
T he Lyapunov exponent, as the corre lation dimension , can be calcul ated fro m the 
reconstructed atlraclOr. The largest Lyapunov exponent is used by [9 1]. This exponent 
measures how quickly the d istance between two points on the atlractor grows and ind icates 
the sensi ti ve dependence on initial conditions. The Lyapunov ex ponent AI. is used when 
the distance Eo between two points on the attractor at a certain time grows to Eo exp( ALl} 
after an instant t. For regu lar motion, AI. is negative but positi ve in the case of chaoti c 
motions. Hence the sign of the Lyapunov exponent wi ll indicate if a signature is chaotic or 
no t. 
1. 8 
- Ou te r rJce fault 
~ 1.5 - Inne r rJce iau I1 ---.- Ball rJul1 
:.0 1. 2 ~"orma l 
-:= 
!J 0.9 g. 
x 0 .6 It) ~ 
:3 0.3 ~ 
,.:..J 0 
100 1000 10000 100000 
D ata n umb er N 
Figure 60: LYllpunov exponent value acco rding to the condition of a roll ing-clement bea ring [9 1] 
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2.7 Sensors and data fusion 
This thesis is running alongside other projects dealing with monitoring the temperature 
increase of degrading pulleys and measurement of wear degree of belts connected to 
pulleys. The respective projects will use different technologies such as thermal sensors, 
microphones, ultrasonic sensors, vibration sensors, microphones, optical devices etc. The 
relevant technologies and the issues they rai se such as the matching of the sampling rate, 
the correlation in one type of data compared to another type to extract more information 
etc will be considered. 
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Figure 61: Implementat ion of several stress wave monitorin g sensors 
2.8 Automatic monitoring of sensor health 
It is essential to ascertain that at any given moment the output of each sensor is relevant 
and consistent and hence well calibrated . The failure of these elements could lead to 
erroneous actions so the health of such elements must be monitored constantly. 
Implementing a data and sensor fusion policy may enable the control of the state of each 
element compared to the other e lements. 
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2.9 The problem with monitoring a la r ge number of rolling-element bearings 
2.9.1 Goal a nd constraint 
As exp lained in C hapter I, the main goal in thi s project is to monitor a large num ber o f 
rOiling-element bearin gs in an Industrial M ail Process ing machine to know their respective 
condit ion. In addition, the quanti ty of senso rs must be kept to a mini mum to develop an 
affordab le industrial too l. 
2.9.2 Monitor more rolli ng-element bearin gs 
In thi s chapte r, it was shown that no Condit ion Monitoring technique could yet mo nitor 
more than three rolling-element bearings simultaneously. [5,7- 14] discussed , in the ir 
respecti ve papers, signal separation methods invo lvi ng a larger or equa l number of sensors 
than mon itored sources. 
2.9 .3 Develop a more robust method to identify and separate s imilar sources 
A large num ber of papers are more foc ussed in determi ning the exac t pos ition of a defect 
inside a rOil ing-element bearing th an the quantity of sources monitored, their states and 
locati ons. In some papers, the diffe rence (pattern comparison, e tc.) of frequency content 
for each rollin g-element bearin g signature is used to recognize the rolling-element bearin g. 
The issues arising when a monitored system possesses mu lti ple simi lar ro ll ing-element 
bearings are not treated e ither. Tt is also expected to develop a sca lable CM technique 
which would e nable increas ing the number of monitored roll ing-element beari ngs wi th the 
same small number of sensors. 
2.9.4 Find a more affordable method 
It was seen in this chapter that expensive sensing elements are oFten used . For instance, a 
plethora of papers involving AE or vibration sensors can be Fo und . Papers using 
microphones are fewe r in number. Furthermo re, the microphones used are always of a 
highl y directi onal type. These profess ional senso rs are not cheap. By us ing low quality 
omni-d irec ti onal microphones the implementation cost would be cut dow n, as shown in 
Figure 62. 
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Figure 62: Cost to implement different monitoring sensor technologies in Roya l Mail machines 
2.9.5 Potentials and possible applications 
The application of such an advanced method is justified by the number of mail process ing 
machines owned by Royal Mai l throughout the UK. The company spent more than £200 
million to acquire and install the current machines. A rapid and complete return on 
investment (ROI) is thus forsaken_ In addition, similar national mail di stribution 
companies use the same brand and type of machine throughout the world . The provided 
knowledge and experti se in developing an advanced condition monitoring tool could be 
sold to these companies thus leading to important source of income. 
Moreover, rolling-element bearings are one of the most currently used mechanical 
elements in industry_ By developing a condition monitoring method as flexible as possible, 
the number of applications and benefits could be countless. 
2.10 Discussion and conclusion 
An intensive literature review is made in this chapter. The major parameters to take into 
account are presented along with the major condition monitoring techniques. The 
limitations in the current literature body to be overcome have been discussed. From the 
previous discussion it comes out that low-cost microphones will be used. Hence the 
implementation in the chapters to come will be focused on acoustics rather than vibration 
or AE. The capabi lity of such microphones to locate a damaged rolling-element bearing 
based on its acoustic signature will be first investigated in the next chapter. Having 
measured this capability, subsequent chapters wi ll then investigate the ability of such 
microphones to monitor the condition of rolling-element bearings both on a test-rig and in 
a LSM . 
145 
3 LOCATION OF A SINGLE ROLLING-ELEMENT BEARING BASED ON ACOUSTIC ANALYS IS 
A cost-effecti ve approach to the condition monitoring of multiple rolling-element bearings 
Chapter 3 
3 LOCA TION OF A SINGLE ROLLING-ELEMENT 
BEARING BASED ON ACOUSTIC ANALYSIS 
3.1 Research methodology 
3. 1.1 Introducti on 
As di scussed in the previous chapter, low-cost microphones wi ll be used. The selected 
microphones are omnidirectional. To select the tests to come the main goal needs to be 
defined then it has to be divided into sub-goals. These goal and sub-goa ls can be seen as 
tas k and subtasks in a descendi ng functi on analysis or flow diagram . The flow diagram for 
the CM tool to be des igned can be seen in Figure 63. 
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Condition monitoring of multiple rolli ng-clement bearings 
within the LSM using a limited number of sensors. F 
~ 
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Figure 63: Descending function analys is of the whole condition monitoring project 
3. 1.1.1 Methodology overview 
We want to assess the condition of a large quantity of ro lling-e lement bearings prese nt in 
an LSM (for example), and to achieve thi s whil e the mail is processed. We will use the 
noises emitted by the rolling-e leme nt bearings to know their internal condition . However, 
assess ing the condition of a rOiling-element bearing without knowing its location would be 
li ke trying to find a needle in a haystack since there are more than 100 rolling-element 
beari ngs in an LSM_ We want to reduce the num ber of sensors (Iow cost microphones) to 
th ree to minimize the costs and the complex ity of the condition monitoring system. To 
date, experimental works can locate acoustic sources accurate ly but need more sensors 
than the number of elements to be located. We propose here to move to a much higher 
level by locating a large number of rolling-ele me nt bearin gs by using on ly three sensors . 
In add ition, one could add more ro tating ele ments (updating the machine) without 
reprogramming the condition monitorin g syste m or adding more sensors: thi s would lead 
to a very flex ible and powerful method . 
3. 1.2 Acoustics measurements 
When emitted a stress wave transmits through ail surround ing media_ For a rolling-ele ment 
bearing an acoustic stress wave transmits through: 
I. a rOiling-e lement bearing race then to the surrounding air; 
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2. a ro lling-element bearing race, a metallic shaft and fi nall y the ho ld ing aluminium 
plate. 
In case No. 2, there is much more attenuation due to: 
I . a longer propagation path ; 
2. more mate rial interfaces and changes of acoustic impedance; and 
3. change of wave mode in the aluminium plate. 
For the same case, the signal to be processed wi ll be more complex due to echoes and the 
mixture of several wave modes that travel at differen t veloc ities . Furthermore, 
microphones can be installed more convenientl y within the area containing the rolling-
element bearings to be monitored; it is also easier to install microphones because they do 
not require couplant or complex install ati o n. Finall y the costs of vibrati on or AE sensors 
and data acqui sition hardware are also hi gher. He nce the experime nts will be developed 
using omni -directi onal microphones to record the stress waves released through the 
surrounding air. These are even cheaper than directi onal microphones. An additional 
advantage in using microphones is that it is more convenient and pract ical to generate 
acoustic waves than vibrations or AE signal during the experiments. 
3. 1.3 Acoustic Source Locati on - Tri angul at ion 
The tri angul ati on method uses three sensors to locate a stress wave source. Tri angul ation 
in th is project will use trigonometry and will be ex tended to mUltiple sources. 
3. 1.4 Data / Acousti c analys is fo r condition monitoring 
If, when process ing the data co llected , o ne of the rolling-element bearings is prope rl y 
located then the signals used for the locati on could be processed further by usi ng some 
digi tal signal process ing (OS?) method to obtain a va lue proportional to the roll ing-
e lement bearing located. The action could be repeated on new data recorded so a pattern 
showing the most acti ve rolling-ele ment beari ng might ari se. Thi s pattern might show a 
level of ac ti vity proporti onal to the condition of the located rolling-ele me nt bea ring. By 
repeat ing these acti ons over a long period a trend mi ght ari se. Such trend could be 
automaticall y retri eved by feeding the values obtained by the DS? analys is and by the 
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activity analysis onto a pattern recognition system. This system could then inform the 
maintenance engineers about the evolution of the damage in the monitored ro lling-element 
bearings. 
3. 1.5 Summary and di scussion 
In thi s chapter, the general research plan has been defined and the project boundaries 
identified. In addition, the methods to be used in future experiments have been decided 
according to the literature review in Chapter 2. The paran1eters in the decision process 
were: 
I. complexity of the signal to be processed; 
2. complexity of the technique to be used; 
3. robustness of the method proposed; 
4. quantity of information avai lable from the system; and 
5. cost of the techniques implementation. 
The techniques chosen are: 
I. acoust ic stress waves record ing by microphones; and 
2. locating a stress wave source using the triangulation arrangement (three 
microphones) 
A plethora of studies related to condition monitoring on rolling-element bearings can be 
fo und in the presented literature . Di fferent sensing techniques encountered include 
Vibration, Acoustic Emission or more rarely Acoustic, Optical and Thermal monitoring. 
With the first two frequent cases, studies were, at first, limited by the fact that the sensing 
element had to be located on the rolling-element bearing itself or in c lose proximity. 
Obviously, thi s means that each source has to be associated with one sensor. 
Unfortunately, the number of sensing elements is a major parameter to take into 
consideration here. 
More recentl y, the occurrence of powerful computers and signal analysis techniques 
showed the possibility of locating a source spatia lly with the use of three sensors 
(triangulation) and a technique call ed cross-corre lation. 
149 
3 LOCATION OF A S INGLE ROLLING-ELEMENT BEARING BASEO ON ACOUSTIC ANALYS IS 
A cost-effecti ve approach to the condition monitoring of multiple rOiling-element bearings 
In the quest to reduce the quantity of transducers, it may then he lp to be able to monitor a 
stress wave coming from a damaged rolling-e lement bearing into a medium common to all 
the monitored rotating elements. A priori, thi s should be attainab le by collecting the 
vibroacousti c stress waves generated b y these rolling-element bearings whether by 
co llecting the stress wave travelling inside the supportive bedplate or into the surrounding 
ambient air. In both cases , stress wave co ll ection is technically feasible since these two 
media (aluminium for the plate and air for the ambient environment) can be considered as 
having elastic properties thus enab ling the propagation of vibroacoustic waves. However, 
wave propagation capabilities for air and material s in general differ. This is mainl y due to 
the fact that ai r, and gases in general , do not support transverse waves. [n addition , any 
materi al li ke the base-plate with finite dimensions involves the occurrence of other types 
of waves such as surface waves and plates waves . These latter have ve loc it y of 
propagati on varying with the type of wave and finally the superposi tion of all these waves, 
mode conversion (a longitudinal wave reflects and splits as longitudinal and transverse 
waves at any material interface) and the ir echoes lead to a signal complex to diagnose 
[22,41 ]. 
As can be seen the study of stress wave propagation in gases is dramatically s implified 
with regard to the propagation in materi als. Hence the implementation of microphones to 
record signals emitted by bearings through air appears reasonab le. As a reference, one can 
ci te a successful applicat ion with microphones in monitoring the condition of a diesel 
engine in [75] thesis. 
Hav ing di scussed furth er about the sensing technology used and the methodology 
considered, ex periments can be started. To do so the hardware used for the ex periments 
needs to be considered. 
3.2 Test rig 
Royal Mail possesses a large number of automated mail-processing mac hines_ However, 
they are all used on site fo r production_ Because of thi s issue, the ir cost (£5M each) and 
the footpri nt of a mail -processing machine , it was not acceptable to store such machines in 
the research facilities in order to undertake the planned experiments. It was thus necessary 
to design and engineer a test ri g that would enable the development of a condition 
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monitoring technique on rolling-element bearings. Th is approach all owed differen t 
parameters, that would influence the measurements, to be control led more eas ily thus 
reducing the complex ity of the monitored system and consequently enabli ng faste r 
diagnosis and understanding of the underlying phenomena. The current thesis discusses the 
mon itoring of rolling-element bearings that fail regularly . Belts powering these rOlling-
element beari ngs on one side and a motor on the other s ide are also critical componen ts 
because they are s liding (caus ing mail jam and misread of mail addresses) and snapping 
regu larly causing unexpected stoppage of the machine. Thus condition monitoring of belts 
had to be undertaken separately but using the same test rig. These independent but 
interconnected researches had to be considered when designing a test ri g. Hence the 
fol lowing constraints could be met : 
belt rep lacement has to be as quick and easy as possible; 
tens ion of the belt has to be set and meas ured accurately to simulate a certain load 
condition on the bearings and on the belt; 
power transmission to the belt and to the ro lling-element bearings has to be monitored 
as remotely as possible to limit the transmission of vibroacoustic signals on to the bearing 's 
bedplate and the surrounding monitored environment ; and 
the veloci ty of the power transmission has to be vari ab le for tes ts at various rotation 
speeds. 
Figure 64 shows some detai ls of the assembly to be designed. For thi s test rig a pull ey 
adapter had to be included because several types of pulley are used in a standard mail -
process ing machine which have different thread s izes on their shafts. Then an aluminium 
base plate had to be installed to replicate the standard one as used in the sorting mach ines. 
To attenuate the vibroacoustic transmission coming from the power transmission (motor) a 
sheet of attenuating foam was interposed between the bedplate and the linear bearings to 
enab le to and fro movement of the bedplate. Figure 65 shows the fina l test rig. On the leFt 
side of this figure, the handle allowing hori zontal movement can be seen. A load cell 
connecting the hand le and the bedplate is present to measure the tension applied to the belt 
(and thus to the pu lley when rotating the handle) . In the same diagram, a motor with 
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variable speed can be seen that transmits the rotation to another pulley via a toothed belt. 
A flat belt, as used in a typical mail-processing machi ne, transmits rotation from the latter 
pulley to the pulley under investigation . Finally the two parts (in the bedplate assembly 
and the power transmission assembly) were securely bolted against the cast iron test table. I Pulley Ih\ 
Interchangeable 
pu lley adapter 
I Bed plate 
Foam to 
atte nuate 
vibroacoustic 
transmiss ion 
1 
-
Figure 64: Detail of the components to be integrated within the tesl rig 
Motor with variable speed 
Standard mail transpo rting 
bell 
10 mm th ick aluminium 
plate 
J.~'~"---;r~--l I)u lley contarl1l1lg IWO 
ro lling-element beari ngs 
.r-----J Load cell to measure the 
tension orthe be lt 
Plate mounted on rails with 
foam In bel wccn 10 
attenuate the vibroacoustic 
waves coming from the 
motor 
Figure 65: Test rig engineered to do the expe riment wilh a single pulley 
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The velocity of the motor can be set between 0 and 3000 rpm. Therefore it represents a 
potential hazard for the operator or any person walking nearby. To avoid any injury a 
cover was designed and manufactured to completely enclose the test rig. The completed 
test rig is shown in Figure 66. 
Figure 66: Test rig protective cover 
While running the test rig the operation of the motor and condition of each element could 
be followed by looking through the mesh of the cover. Once the test ri g was completed, 
the selection of the acquisition equipment could be started. At this stage several possible 
directions of the research had to be considered. On one side, as di scussed earl ier, the use of 
low-cost microphones was the preferred approach because it could reduce dramatically the 
implementation costs for a maintenance po licy within Royal Mail. On the other hand, 
condition monitoring using Acousti c Emission was al so considered. The main interest in 
using AE is that defects in rolling-element bearings may be detected at earlier stages thus 
leaving an increased amount of time to organize maintenance actions and more flexibility 
in ro lling-element bearing stock management. However the computational cost to process 
AE signals is much higher than for acoustic signals since for monitoring signals at very 
high frequency the number of samples per second will be greater and more d ifficult to 
handle. The other reason fo r using acoustics for the current investigation was that it is 
more intuitive due to human perception and habits to work with sounds rather th.an 
ultrasounds. In a sense, it should be easier to generate sound waves and assess the 
developed technique during experimentation. Lt is also expected to investigate the 
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behav iour of the developed method with AE after it has been shown to be successful with 
the acoustics method. To thi s end, the acq uis ition hardware has to be able to handle high 
sampling rates for monitoring AE. As di scussed earlier AE could be used to moni tor 
roll ing-ele ment bearing signatures at frequenc ies as hi gh as I MHz. Although many AE 
sensors have a response capability at such frequenc ies, the associated acqui sition card has 
to match thi s pace. According to the Nyquist theorem the sampling rate should be at least 
2.5 times hi gher than the maximum expected frequency to be monitored in order to avo id 
alias ing. Hence the chosen hardware must sample the signal coming from one sensor at 
least at 2. 5 Mega Samples per second. Since it is dec ided to use the triangulation method 
to determine the location of a worn rotating rolling-ele ment bearing three sensors had to be 
used in assoc iati on with tri gonometry. Thus the global sampling rate of the data 
acq ui sit ion board (D AQ) has to be equal or greate r than 7.5 MSamples per second (wi th 
2.5 MSamples per second for each channel). National [nstruments@ proposes a DAQ 
sampl ing at 10 MSamples per second over all the channe ls. The board has four analogue 
in puts, a 12-bit reso lution, can withstand signals from ±200mV to ±42V and a 
64MSamples buffer to acqu ire signals at high sampling rates wi thout causing the computer 
memory to be overl oaded due to a too great amount of data to be transferred. The Nati onal 
Instrument 6 11 5 board was inserted in one pcr s lot of the computer's motherboard. The 
total costs for the board and its associated shie lded cable and BNC connector block 
amounted to £5928. 
3.3 Triangulation for the location of a single rotating rolling-element bearing 
3.3. 1 Introduction 
The condition monitoring of rolling-ele ment bearings in vo lves assessment of thei r 
condition. Consequentl y one has to di ssociate a healthy element from a damaged one. This 
in tu rn requires definin g the ir position in the working area. The radar technique uses an 
in teresting phenomenon to determine the pos ition of an object in an environment such as 
for prox imity sensing applied to moving vehicles ([ 134]), Autonomous Guided Vehicles 
(AGVs) nav igation ([1 35]), location of shi ps and submarines under water or in the 
atmosphere fo r the detection of aircrafts. Two methods are usually found in literature to 
locate an object using acollstics . 
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The first method, called Active Location , involves the emission of a short signal impulse 
that wi ll trave l in the surrounding media to strike a potential object present in its path. 
When hilting the object, part of the signal will head back towards the pulse generator wi th 
on ly a small angle of deflection. The pulse will be received back by an array of sensor . 
Knowing the velocity of the signal in the media of propagation and the time taken by the 
signal to arri ve at the sensors will give the location of the hit object with respect to set 
em itterlreceivers. This is achieved by using tri gonometry . To understand this , one has to 
draw the path taken by the signal from the e mitted location to the object to the locat ion of 
signal reception. This path will take the shape of a tri angle. If this triangle can be reduced 
under the form of right angle triangles then the Pythagoras theorem can be app l ied to 
define all the necessary parameters to determine the coordinates, the angles and the 
azimuth of the object. This method of using the arri val time in associati on wi th severa l 
sensors to locate the source of vibroacoustic signal is the so-called triangulation. Bats also 
use thi s technique by emitting ultrasonic waves to determine the location and size of their 
prey [40] . 
Passive locati on is another method to dete rmine the position of an object. In that case one 
has to re ly on the signal emission coming from the object itself. Submarines , for example, 
can be located by using the sounds that their different moving parts are generating. Here, 
the time for a signal to arrive at every sensor in an array of receivers cannot be known 
directl y because the rate of signal emission cannot be synchroni zed. In order to overcome 
thi s problem, one sensor as well as the path taken from the source of emission to thi s 
sensor can be used as a reference. If three sensors are used to rece ive the signal , including 
the sensor of reference, then the length of the path taken by the signal to reach the othe r 
sensors can be subtracted fro m the path of reference to obtain the difference in di stance. If 
the propagati on le ngths are replaced by the amount of time it take the sound wave to 
travel these respective di stances then difference of arrival time wi ll be obtained. The 
differences of arrival times, which are a key concept in thi s thes is, can be effectively used 
to locate precisely an emjtting object. 
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3.3.2 Passive location of rolling-element bearings 
To monitor rolling-element bearings, three microphones can be used simultaneously. Such 
an arrangement can be referred to as an array of sensors. The position of an acoustic 
source determines the diffe rences of arrival time between different microphones. If these 
differences (i .e. two differences of arrival time) can be found by using the response of 
three microphones then the location of the source can be easily deduced. The Pythagoras 
theorem can be used to determine these differences of arrival time. Three microphones 
should be placed so that they would be positioned at three corners of the rectangle 
bounding the area under investigation. The source to be located would be placed inside 
thi s rectangle. Then, as seen in Figure 67, the source and the microphones form three ri ght-
angled triangles: !!.(y/+nd), XI, Z/; !!.(x/+md), (y /+nd), Z2 and !!.x/, y /, Z j . 
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Figure 67: Position of an acoustic source compared to three acoustic sensors 
The coordinates of a moving acoustic source with respect to three microphones (Figure 67) 
are used to determine the differences of arrival time T (Figure 68) between pairs m/-m2 and 
m /-mj (Figure 67) using the trigonometry calculation presented earlier and developed in 
equations (90) to (94). T hese differences m/-m2 and m/-mj will be called T/ 2 and T/3 
respectively for the rest of the discussion. 
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----- signal arri vi ng at the first mi crophone 
----- signal arri ving at the seco nd microphone 
Figure 68: Difference of arrival time u T" due to a longer path of propagation 
Z" Z2 and Z3 represent the distance between the acoustic source and each microphone and 
are proportional to three durations of propagation. If the acoustic source is positi oned on a 
grid ins ide the rectangular surface (as shown in Figure 67) and the constant di s tances nd 
and md between the mjcrophones are known, the djstances X,. YI. (nd+YI) and (x,+md) can 
be determined. To do so trigonometry can be applied by using the fo llowing Pythagoras 
calculus: 
(90) 
Z , = ~(x, + md)' + (y, + nd)' (9 1 ) 
(92) 
(93) 
(94) 
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From Figure 68, it is possible to determine visually the difference of arrival time of a 
single signal at different sensors. However, when a source is continuously emitting a 
signal , it becomes more difficult to extract this difference of arrival time " t " or lag 
between each microphone output (r refers to Z,-Z2 and Z,-Z3 in equation (93) and equation 
(94) respectively) . To determine t, the cross-correlation (equation (56)) between the two 
signals must be computed. An example of a cross-correlation graph (also called cross-
correlogram) is given in Figure 69. Such a graph shows the degree of correlation between 
two signals. In the case where the two compared signals are highly correlated a peak will 
appear pointing at a certain number of samples giving the lag between the two signals. 
Hence retrieving the peak value in the cross-correlogram would give the lag between the 
two signals thus t . In this graph, one signal is delayed of 50 samples compared to the other 
signaL 50 samples equal to 1 ms for a sampling rate of 50,000 samples per second. 
r lag of 50 sn mpl es C(llml In I Ill "; 
~r----r----,----,----,---~+----,----,----,----,----. 
+ 
.2001) 
-1000 0 1000 JOOO ' 000 5000 
Lag (samples) 
Figure 69: Cross-correlation computation of two identical s ignals with one delayed compared to the 
other onc 
After determining tl2 and t l3, several methods can be used to obtain the source location. 
One such method is based on resolving the set of algebraic equations (93) and (94) to 
retrieve the two location-unknowns x, and y, . 
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To retrieve TJ2 and T/3 in funct ion of XI and Y I a feed forward neural network (NN) can also 
be trained to output the coordinate values for any given pair of differences of arri val time 
(OAT) correspondi ng to the acoustic source location. To train a NN for th is particular 
application, a set of examples is requ ired both at the input (lags TJ2 and T/3 ) and the out put 
(location coordinates) of the NN. The training set can be formed ei ther from the theoretical 
values (OATs associated with the source coordinates and computed by using the 
Pythagoras calculus) or can be from physicall y measuring T/2 and TIJ of an acoustic s ignal 
coming from a small acoustic source (Oic taphone with a loudspeaker) at regular inte rva ls 
on a grid placed onto the test rig as dep icted in Figure 67. The advantage of an NN trained 
with experimen tal values is that it can accommodate complex e nvi ronments with obstacles 
that may introduce errors in the theoretical model such as echoes due to a sound wave 
reflected by an object. Hence such a model could be poten tiall y better suited to different 
arrangements of machinery. The advantage of an NN in general is that it requires a limited 
number of examples to generali se . It is also very useful when the phenomenon to ext ract is 
difficult to understand or too complex and sensiti ve to variations. 
In order to gather the experimental data for training a feed forward N , three low-cost ti e-
c lip condenser microphones YOGA ®, with an omni-di rectional polar pattern and a 50Hz to 
18kHz frequency response, were installed at three corners of the area of the test rig to be 
moni tored as depicted in Figure 70 and Fi gure 7 1 (i.e. area including the pulley B I of 
interest). 
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Microphone 1 Microphone 3 
I 
Microphone 2 
Figure 70: ROiling-element bearing on the test rig surrounded by three microphones 
Figure 71: Arrangement of three microphones around the pulley under investigation (top view) 
These three microphones were wired to the DAQ through an interface of connectors. The 
microphones were held at the level of the pulley and the belt by fixing them on plastic 
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cupS having al so the effect of reducing the interac ti on between the magnetic piezoelectri c 
sens ing element of the microphone and the cast- iron table . 
BeFore starting the experiments, as discussed by [22], the aliasing prob lem should be 
add ressed. In fact thi s occurs, accord ing to the Nyquist theorem, when the number of 
samples per period is less than or equal to 2.5 times the maxi mum frequency it is intended 
to collect. This effect will create di stortions even at lower freq uencies by creating images 
of high frequency distorti ons that are not covered by the sampling rate. The best sol ution is 
to get rid of the highest frequencies that are not covered by the sensor's bandwidth and so 
a low-pass or anti -al iasing fi lter was implemented at each microphone output. Considering 
the bandwidth of the microphones, the cut-off freq uency For the filter has been set to 20 
kHz. A simple RC low pass filt er, as in Figure 72, was used. 
Microphone 
output 
RI 
---c::::Jf----1 ....... ---- Fil tered microphone output Cl 
I 
Anri-aii as ing RC network 
Figure 72: RC network for low pass filtering in the acquisition stage 
To set the filter to thi s frequency j , one has to use the equation (95). 
2nR,C, 
(95) j 
wi th RI the value of the resistor and Cl the value of the capac itor. By takin g the values RI= 
I H2 and C I= 8nF, a cut-off frequency of j= 20 kHz is obtained. 
As we ll as the addition of anti-ali as ing filters, the signal from each microphone was 
recorded at a I MSamples per second then re-sampled at 50kSamples per second , then a 
low-cost mono-preamplifier PM-2 fro m CEBEK®, with a frequency bandwidth between 
30 Hz to 17 kHz, was added to each channe l before the acquisition stage (Figure 73). 
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Hence the frequencies above 20 kHz were filtered ou t of the microphones ' output s ignal s. 
The DAQ was controlled using Matlab®. 
Comp uting Slat ion 
Low Pass Connector +DAQ 
filter (C UI orf block 
frequency at Atrq) li fic<llion 
- CJ C 20 kHz) - ~ 47 
..... 
..(""{ (7 '0\4 U C \ Bedplalc Pulley BI 
Microphone 
PlaStlC support 
Figure 73: Diagram of the monitoring unit on the test rig 
Once the acq ui sition line was prope rl y functioning, the data co llecti on for the NN trai ning 
set could be s tarted. To do the intended measurements a grid formed of 5 cm by 5 cm 
squares was drawn on a sheet of paper. This sheet was attached to the test rig 's base plate 
so that the Dictaphone could be positioned at known posi tions. The reference microphone 
Ill , was pos itioned at x = 0 and y = 0 on the grid then microphone /Il 2 was placed at 40 cm 
away from 11/.,. The imaginary line goi ng through 11/, and m 2 was denoted as the x-ax is . 
Perpendicu lar to thi s line the third microphone 1n3 was put at 40 cm away from m, . The 
second imagi nary line between 111, and 1n3 wa called the y-axis . Small rings were glued at 
every intersection of the grid and a tip was fixed to the back of the Dictaphone so it could 
fit into each ring. By thi s means, the Dictaphone had at least one of its points at a fi xed 
pos ition. It should be noted however that the Dictaphone could be rotated around thi s poil1l 
of contact to skirt any potenti al object inside the test ri g. For these experime nts, the 
Dictaphone was positioned on the firs t pos ition of the grid within the test ri g (x = 0 c m, y = 
o cm). While the Dictaphone was playing a previously recorded rOili ng-element bearing 
signature, the data from the three microphones was recorded thus allowing the cross 
corre lati on to be computed between the signal s of microphones /Il, and 1112 and between 
microphones 111 , and 1113. The maximum peaks were retrieved on each cross-corre logram , 
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us ing a maximum retrieval function provided under Mat lab, then the lags for these peaks 
were ex tracted. Figure 74 shows these different stages. 
The Dictaphone was then placed at each intersection of the grid, with steps of 5 cm 
between intersections, so that for each acousti c source locati on, a pair of lags cou ld be 
measured. The lags fo r the same locations we re also calcul ated using the Pythagoras 
equat ions (93) and (94) with the known di stances I'I1d (40 cm) between 1'11 , and 1'112 and lid 
(40 cm) between I'll } and Ill) . 
For the Pythagorean calculation, the obtained lags were measured as difference of distance 
of propagation in cm. In contrast the experimentall y measured differences of arriva l times 
were obtai ned in number of samples and are proportional to differences o f arri val time in 
seconds, 
[n order to compare the two models, the unit of lags was transformed into seconds so that 
one will be able to talk about differences of arrival time in a true sense. 
The transformation of lags from number of samples to a value in seconds IS given by 
( 
I sec,) , 
. . In the expenmental 
sQmplmg rare measurements the sampling rate was 50,000 
samples per second so that the duration between two consecuti ve samples was 
50,000 
second whence the measured lags in number of samples were multiplied by thi s ratio to 
obtain differences in seconds. For the calculated model, the ambient temperature value 
(20°C) was necessary to transform a difference of di stance into a difference of arri va l time, 
This is due to the fact that, as di scussed earlier, the velocity of acoustic propagation varies 
wi th ambient temperature, Hence, the same distance will be covered at different speeds 
depend ing on the ambient temperatures (faste r as temperature increase: 
v,"",,, = 20.05.JT + 273 . 1 5 so if T increases then ",<DU",} follows), 
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Figure 74: Process to retrieve the differences of arrival time corresponding to the acoustic source 
location 
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Equat ion (5 I) was used because it represented a good compromise between the three 
veloc ity equations given in Figure 29. The ambient temperature was taken at 20°C so V.IO""d 
was equal to V"",nd ~ 20.0S.J20+273.IS ~ 343.28 ml s then , in order to obtain a 
difference in seconds in the theoretical model , the values in cm were divided by the sound 
. . (diffe rence of path length ) 
velocity V.W I/IU! I. e. . 
, V sou /I(I 
The calcul ated Pythagorean model can be compared wi th the measured experimental 
model. In Figure 75, the theoretical model is compared with a first experimental model 
where an acoustic source was moved inside the empty test rig. In that case no object was 
obstructing the propagation of the acoustic wave towards the mjcrophones. A third model 
was also obtained by displacing the Dictaphone inside the fu ll y assembled test ri g. In this 
arrangement fOllr roll ing-element bearings were assembled and wrapped by a belt. The 
plane base of these graphs represents the acollstic source location within a grid with the 
microphones located at the borders of the grid. 
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Figure 75: Comparison between theoretica l model, experimenta l measurement in empty test rig and 
experimental measurement in fu ll test rig: (a) DATs between sensors I and 2; (b) DATs between 
sensors I and 3 
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As can be seen the three models in Figure 75 present some similarities. For instance the 
general orientation of curves (a) and (b) in these models is similar, the difference of arri va l 
time values presents the same order of magnitude. However discrepancies appear in 
certain locations such as at the microphone positions because it was not physically 
possible to place both the microphones and their support along with the Dictaphone at the 
same position (positional error around the microphones: ±O.5 cm). The peaks and troughs 
in the experimental models are also partially due to positional errors; because of the size of 
the Dictaphone there were inaccuracies (±O.25 cm wi th respect with Dictaphone's centre) 
in the positioning at the exact supposed location at the grid intersections. It was also not 
possible to place the Dictaphone where the pulley was located so positional compromises 
had to be made. These patterns come also from the change of acoustic propagation 
properties due to the pulley and the belt acting as obstacles. 
3.3.2. 1 Error between the experimental models and the theoretical model 
To visualize the error between the theoretical model and the experimenta l ones the 
experimental models can be subtracted from the theoretical one as seen in Figure 76. The 
result is displayed in Figure 76-(A) for the "empty" model and in Figure 76-(B) for the 
"full " model. 
1 
Y coordmate (cm, 
CA) 
Sensor 1 
o 
(b) 
~-:::--.. < 40 
Figure 76: (A) Error between theoretical and empty experimental models; ( 8) Error between 
theoretical and full experimental models (four pulleys and one belt) 
From these figures, it can be seen again that the error greatly increases at the locations of 
the microphones. Some important peaks of error can also be noticed in Figure 76-(B) in 
the centre of the graph matching with the base of the pulleys' location on the grid. The 
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latter peaks occur only at the extremes and only at few other positions. For the o ther 
positions, the error between the theoretical and experimental model s is very low implying 
that the theoretical model is matching the other mode ls. The observed peaks are likely to 
occur due to the difficulty to position accuratel y the Dictaphone at the required locations. 
More thorough examination has been made to measure the d iscrepancy of the different 
models by using statistical analys is. To do so , four parameters were used: 
Model mean; 
Model maximum; 
Model minimum; and 
Standard deviation . 
These values were calculated for two sets of data ' 12 and ' 13 . Such ca lcula tions were 
replicated for the theo re tical model, the empty experimental model and the fu ll 
experimental model. T able 5 shows these different values and include the range of the 
models that is calcul ated as being the di fference be tween the max imum and minimum 
values. Finally the di screpancy between the theore tical and the ex perimenta l models is 
obtained by computing the ratio of the res pective standard deviations and ranges. T able 6 
gives the difference, or error, of mean, max imum and minimum values and standard 
dev iati on between the theoretical and the experimental models. Values from thi s table 
were used to plot the hi stogram in Figure 77. 
x-ax is between 0 cm and 40 cm ' 12 model '1 3 model 
y-ax is between 0 cm and 40 cm Empty test rig Full test rig Empty test rig Fu 11 test rig 
Mean of experimental model (sec.) 8.77 -1.48 -2.85E+6 -68.9 
Maximum or expcrimenlalmodel (sec.) 800 880 840 880 
Minimum of experimcnlai modei (sec.) -800 -870 -860 -900 
Standard deviation of experimental model 472 491 471 475 
Mean or Iheorelical model (sec.) -5.35E-15 -5.35E-1 5 4.02E-15 4.02E-15 
Maximum or theoretical model (sec.) 11 65 11 65 11 65 11 65 
Minimum or theorelical model (sec.) -11 65 -11 65 -1165 -1 165 
Standard deviation of theoretical model 529 529 529 529 
Range or experimental model (sec.) 1600 1750 1700 1780 
Ran~e or Iheoretical model (sec.) 2331 2331 2331 2331 
Ratio of standard deviation between theory 
and expcrimenlS (%) 89.22 92.82 89.04 89.79 
Ratio or ranges (%) 68.64 75.08 72.93 74.36 
Table 5: Comparison between theoretical and experimental models: 9*9 = 81 data points (all values, 
except for the percentages, are multiplied by l E6) 
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x-axis between 0 cm and 40 cm Error of T Il model Error ofT " model 
y-axis between 0 cm and 40 cm Empty test rig Full test rig Empty test rig Fu ll test rig 
Mean of error 8.77 -1.48 -28.5 -68.9 
Maximum of error 381 361 300 500 
Minimum of error -480 -615 -515 -540 
Standard Deviation of error 98.3 111 104 161 
Table 6: Measure of error level between theoretical and experimental models: 9*9 = 81 data points 
(a n va lues are multiplied by I E6) 
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Figure 77: Measure of error level between theoretical and experimental models: 9*9 = 8 1 data points 
Ln Table 5, one can see that the maximum and minimum values for the theoretical and 
experimental models do not match (1165. 10-6 s and around 800.10-6 s) thi s great difference 
is greatly reduced for the other points in the models (Figure 76) showing a close 
relationship between the three models. Hence one should be cautious not to consider that 
the theoretical and experimental models mismatch only based on the extreme values. To 
see the abso lute error of the experimental models compared to the theoretical one, the 
p.t;e>'iously discussed stati stical parameters and ratios were measured by us ing the absolute 
values of the models (Table 7). In such cases, absolute errors are obtained. Again, the 
errors representing the degree of variation between theory and experiments can be seen in 
Table 8. These values are plotted in histogram form in Figure 78. 
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x-ax is between 0 cm and 40 cm T12 model T I3 DA T model 
)'-ax is between 0 cm and 40 cm Empty test rig Fu 11 test ri 0 Empty test r i ~ Full test rig 
Mean of absolute experimental model (sec.) 404 420 407 412 
Maxi mum of absolute experimental model 
(sec.) 800 880 860 900 
Minimum of absol ute experi mental model 
(sec.) 0 0 0 80 
Stand ard deviation of absolute experimental 
model 240 248 235 242 
Mean of absolute theoretical model (sec.) 440 440 440 440 
M aximum of absolute theoretical model (sec.) 11 65 11 65 11 65 11 65 
Minimum of absolute theoretical model (sec.) 0 0 0 0 
Standard deviarion of absolute theoretical 
modcl 289 289 289 289 
Range of absolute experimental model (sec.) 800 880 860 820 
Range of absolute theoretical model (sec.) 11 65 1165 11 65 11 65 
Rario of standard deviation between absol ute 
theory and experiments (0/0) 83.04 85.81 81.31 83.74 
Ratio of means between absolute theory and 
expcriment (0/0) 91 .82 95.45 92.50 93.64 
Ratio of ranges (0/0) 68.67 75.53 73.81 70.39 
Table 7: Compa rison between absolute theoretical a nd experimental models: 9*9 = 81 data points (all 
values, except for the percentages, are multiplied by l E6) 
x-axis between 0 cm and 40 cm Error of TI 2 model Error ofT l3 model 
y-ax is between 0 cm and 40 cm Empty test rig Full test rig Empty test ri~ Full test ri g 
Mean of absolute error 44.8 50.6 63.8 121 
M ax imum of absolute error 480 615 515 540 
Minimum of absolute error 0 0 0 6.21 
Standard Deviation of absolute error 87.8 98.1 87.2 127 
T~l blc 8: Measure of absolute error level between theoretical and experimental models: 9*9 ;;;; 81 data 
points (. 11 v.lues are multiplied by l E6) 
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Figure 78: Measure of absolute error level between theoretical and experimental models: 9*9 = 81 
data points 
As di scussed earlier, the microphones were obstructing the positionjng of the Dictaphone. 
The effect on the model can be seen in Figure 76-(A) and Figure 76-(8) at locations (0;0), 
(40;0) and (0;40). It is natural to think that the overall mean error would be reduced if 
these points were not considered. This reduction is not likely to pose any limitation of the 
developed teclmique si.nce the expected acoustic source will be considered always to be 
strictly inside the boundaries of the rectangle formed by the microphones. To calculate the 
effect on these mean errors, the data points positioned along the x-ax is (x=0) and those 
placed along the y-axis (y=0) were removed prior to applying the stati stical calculations. 
Thus the number of data sets will be reduced from eighty-one pai.rs of DAT to sixty-four 
pairs. Table 9 lists the selected statistical parameters for this case so that three ratios 
representing the data set are obtruned. The same stati stical parameters were used in Table 
10 to define the level of error between the theory and the experiments. The hi s togram in 
Figure 79 is a converuent resume of Table 10. Table I I, Table 12 and Figure 80 show the 
resulting calculated statistical values. 
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x-ax is be tween 5 cm and 40 c m t 12 model t l3 model 
y-axi s between 5 cm and 40 cm Empt y test ri 0 Full test rig Empty test ri g Full test rig 
Mean of exoerimental model (sec.) 94 .1 79.7 43 1.56 
M ax imum of exnerimental model (sec.) 800 880 840 880 
Mi ni mum of exoerimenlalmodel (sec.) -760 -760 -800 -800 
Standard dev iation of eXDcrimenLal model 421 433 423 416 
Mean of theore Lica l model (sec.) 88.8 88.8 88.8 88.8 
Max imum of theoretical model (sec.) 1000 1000 1000 1000 
M inimum of theoretical model (sec.) -821 -821 -821 -821 
Standard deviation of theoretical model 445 445 445 445 
Ran.e of exoeri mental model (sec.) 1560 1640 1640 1680 
Ran.e of theorelical model (sec.) 1820 1820 1820 1820 
Rat io of standard deviation between theory 
and exocrimenls (%) 94.61 97.30 95.06 93.48 
Ratio of means bel ween theory and 
exocriment (%) 105.97 89.75 48.42 1.76 
Ratio of ran.cs (%) 85.67 90.06 90.06 92.26 
Table 9: Comparison between theoretical and experimental models with the data points on the x and y 
axes ignored: S*S = 64 dala points (a ll values, except for the percentages, are multiplied by IE6) 
x-ax is between 5 c m and 40 cm Error Oh 12 model Error ohl3 model 
y-ax is between 5 c m and 40 cm Empty lest rig I'-ull test rig Empty test ri ! Fu ll test rig 
Mean of error 5.26 -9 .1 2 -45.8 -87.2 
Maximum of error 60.7 212 20.7 380 
Minimum of error 
-245 -615 -515 -540 
Standard Deviation of error 43.7 98.4 64 147 
Table 10: Measure of error level between theoretical and experimental models with the data points on 
the x and y axes ignored: S*8=64 data points (all ".Iues are multiplied by l E6) 
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Figure 79: Measure of error level between theoretica l and experimenta l models with the data points on 
the x and y axes ignored: 8*8=64 data points 
x-axis between 5 cm and 40 cm Erro r oh I' model Error of"t 1J model 
y-axis between 5 cm and 40 cm Empty tesl rig Full test rig Empty test rig Ful l lest rig 
Mean of absolute experimental model (sec.) 363 371 360 360 
Maximum of absolute experimental model 
sec.) 800 880 840 880 
Minimum of ab solute experimental model 
sec.) 0 0 0 80 
Standard deviation of absolute experimental 
model 228 233 220 202 
Mea n of absolute theoretical model (sec.) 377 377 377 377 
Max imum of absolute theoretical model (sec.) 1000 1000 1000 1000 
Minimum of absolule theoretical model (sec.) 0 0 0 0 
Standard deviation of absolute theoretical 
model 249 249 249 249 
Range of absolute experimental model (sec.) 800 880 840 800 
Range of absolute theorelical model (sec.) 1000 1000 1000 1000 
Ratio of standard deviation between absolute 
Iheory and experiments (%) 91 .57 93.57 88.35 81 .12 
Ratio of means between absolute theory and 
experiment (%) 96.29 98.41 95.49 95.49 
Ratio of ranges (%) 80.00 88.00 84.00 80.00 
Table 11: Comparison between absolute theorelical and experimenta l models with the data points on 
the x and y axes ignored: 8*8=64 data points (aU va lues, except for the percentages, are mult iplied by 
I E6) 
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x-ax is between 5 cm and 40 cm Error of m l-m2 model Error o f m l-m3 model 
v-ax is between 5 cm and 40 cm Empty test ri~ Full test ri~ Empty test ri~ Fu ll test ri g 
Mean of absolute error 23.6 41 .3 46.5 119 
Max imum of absolute error 245 615 515 540 
Minimum of absolute error 0 0 0 20.7 
Standard Deviation of absolute error 37 89.6 63.5 123 
Table 12: Measure of the absolute error level between theoretical and experimental models with the 
data points on the x and y axes ignored: 8*8=64 data points (all values are multiplied by 11':6) 
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Figure 80: Measure of the absolute error level belween theoretical and experimental models with the 
data points on the x and y axes ignored: 8*8~64 data points 
Figure 80 shows agai n that the error between the theoretical model and the empty 
ex pe rimental model is lower than with the full expe rimental model. To quantify this error 
improvement the pe rcentage of error reduction from the complete model (eighty-one 
points) to the reduced one (sixty-fo ur points) was calculated and the results are di splayed 
in Table 13. 
Error of m l-m2 model Error of m l-m3 model 
Empty lesl ri~ Full test ri~ Emply test ri~ Ful l test rig 
Mean of absolule error 52.68 81.62 72.88 98.35 
Range (maximum-minimum) 51.04 100.00 100.00 97.29 
Slandard Deviation of absolute error 42.14 91.34 72.82 96.85 
Table 13: level of erro r of the reduced model (64 points) compared with the complete model (81 
points): difference in percent (%) 
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As seen in Table 13, the best reduct ion offered by the reduced model can be seen at the 
error of m l-1Il2 model for the comparison between the theoretical model and the 
experimental empty model where the standard deviation represents onl y 42% of the error 
obtained with the complete model s. For this "error of 1It1-1112 model" the mean of the 
absolute value and the range (being the difference between the maximum and minimum 
va lues) are all below 53 % compared to the complete model. As a general appreciation, the 
acoustic source pos ition error is reduced when using data that do not include the x and y 
ori gin coordinates (sixty-four points: without x = 0 and y = 0 coordinates). The empty test 
ri g model has the lowest error as a general case except for the range in the "error of III r lll3 
model". This resu lt could have been expected since the positioning of the acoustic source 
at the position of the microphones was difficult due to the microphones ' physical size. 
Hence as a general rule it is better to place the microphones at positions where the 
monitored pulleys are not placed along the x or y origi n ax is. 
3.3.2.2 Temperature effect on the location model 
Since temperature affects sound velocity in the air, or any elastic medium in general, it 
seems important to know what it implies in an industrial system where the environmental 
temperature cannot be controlled. The model presented earlier was updated to take into 
account the temperature effect. The lag on the next model could be measured in seconds; 
however since the separation between two consecuti ve samples lasts I 
salllpllllg rate 
sec., 
the resolution in the plane for thi s technique will be finite. Indeed two close points will be 
located as if coming from the same source as long as their assoc iated tl 2 and tl 3 do not 
exceed I sec. Hence it is better to measure the temperature effect within the 
sampling rate 
prevIous model by scaling the lags in number of samples. At the starting point, the 
theoret ical model was using differences of distances in cm. If it is required to transform 
these values 111 seconds then each lag 111 cm has to be multiplied by 
sampling rate --:--:----:-~--'7===== with the value 100 to transform from m. to cm and T being the 
100 * 20.05 * .JT + 273. 15 
temperature in degree Celsius. 
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Figure 81 shows the change in the theoretical model at two temperatures O°C and 50°C and 
a sanlpling rate of 50,000 samples per second. In Figure 82 the model at 50°C was 
subtracted from the one at O°C to measure the maximum discrepancy one can expect 
between these two temperatures within the area monitored. O°C and 50°C were 
subjectively selected to represent extreme ambient temperatures. 
Ambient temperature: 0 "C Ambient temperature : 50 "C 
Figure 81: Model change with temperature (time transformed into number of samples) at SO 
kSa m ples!sec . 
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Figure 82: DATs variation at ext reme operating temperatures (O'C and SO'C) at SO kSa mples!sec_ 
From Figure 81 and Figure 82, it can be seen that the general model shape is not changed 
due to temperature; the number of samples, representing the time required to travel a 
certain distance, is reduced with an increase in temperature (smaller difference of 
samples); the ratio of change between these two temperatures is large enough to be taken 
into consideration (1/12 = 8.3%) and the centre of the area under investigation is less 
affected by the change in temperature. Hence, to avoid large variations in the DA Ts due to 
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change of ambient temperature, where possible it is suggested that the monitoring 
microphones be placed in such a way that the monitored pulleys are located as close as 
possible to the centre of the area formed by the microphones. 
This comparison was made between two extreme ambient temperatures under a single 
sampling rate of 50,000 samples per second. This sampling rate was chosen because it 
fitted the frequency range of the microphones used (i.e. from 30 Hz to 17kH z) and since 
the Nyquist theorem suggests that the sampling rate should be at least 2.5 times larger than 
the maximwn frequency to be monitored so 17*2.5 = 42.5 kSamples per second hence 
rounded to the larger value of SOkSamples per second. The frequency range of interest 
could be reduced if one was interested to measure at lower frequencies or could be 
increased to measure a signature in the AE range. To see the effect of temperature for 
di ffe rent sampling rates the di fference of model between ooe and another temperature 
slowl y increasing upward to sooe was computed for three di fferent sampling rates ( 10, 50 
and 100 kSamples per second). Then the max imum, mean and minimum va lues were 
measured for these di fferences for each temperature step and each sampling rate. The 
results are plo tted in Figure 83. 
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Figure 83: Effect of temperature and sampling rate on the DATs (measure of model change with 
respect to O·C) 
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As can be seen the variation of samples discrepancy between ooe and higher temperatures 
is increas ing with the sampli ng rate. For example, the variat ion in number of samples will 
reach a magni tUde of twenty samples between ooe and sooe for a sampling rate of 
100kSamples per second, whereas it wi ll be of ten samples for SOkSamples per second and 
only two samples for 10kSamples per second. The ratio between the number of samples 
span and the discrepancy for higher sampli ng rates might be smal ler but when measuri ng 
acclll'ately a difference of DAT in time or number of samples, one would seek to have as 
little interference coming from sample discrepancies as possible. 
3.3.2.3 
model 
Effect of the sampling rate and the di stance between the microphones on the 
When monitoring a particular phenomenon, signals collected by sensors will be digiti sed 
consequent ly the s ignals cannot be considered as being continuous any more. Instead the 
s ignal will be in the fo rm of a fini te number of samples recorded every second (depending 
on the sampli ng rate as explained above). Between two consecutive samples, the behaviour 
of a signal wi ll remain unknown . This time span wi ll introduce inaccuracies in the 
calculation of the exact acoustic source location based on differences o f arrival time. More 
precisely the technique employed will have a limited location resolution depending on the 
sampling rate of the DAQ. In the previous model (Figure 81 and Figure 82), the DATs 
values were continuous so that when converted in numbers of samples one could have say 
1.46 samples of delay. To adapt the model to a number of samples with integer values , 
Figure 8 1 and Figlll'e 82 had been rounded to the nearest integer. Figure 84 shows the 
rounded model for two different di stances of separation between the three microphones: 40 
cm (Figure 84-(a)) and 80 cm (Figure 84-(b)). The type of graph used here is valuab le to 
show the boundaries of sample numbers change. The curve for the difference between ml 
and m2 as well as between ml and m3 are still represented together, so in Figlll'e 84 a white 
patch circled by folll' cololll'ed boundaries represents the case when both values of samples 
remain unchanged. Hence this indicates the limit of resolution. This model was calculated 
fo r an ambient temperature of 20oe. The sampling rate was set to 10 kSamples per second. 
For the model in Figure 85, the sampling rate was set at SOkSamples per second and 100 
kSamples per second in Figure 86. 
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Figure 84: Acoustic source location resolution at 10 kSamp les per second (at 20' C) after sa mple 
discretization with : (a) 40 cm between each sensor; (b) 80 cm between each sensor 
Sensor 3 Sensor 3 
Sensor 1 (.) Sensor 2 (bl 2 
Figure 85: Acoustic source location resolution at SO kSamples per second (at 20' C) after sample 
discretization with : (a) 40 cm between each sensor; (b) 80 cm between each senso r 
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Sensor 3 Sensor 3 
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2 2 
Figure 86: Acoustic source location resolution at 100 kSamples per second <a t 20' C) after sample 
discretization with : <a) 40 cm between each sensor; <b) 80 cm between each sensor 
As shown in Figure 84, Figure 85 and Figure 86, the higher the sampling rate the better the 
resolution will be. However, the resolution shown fo r the lowest calculated sampling rate 
model appears to be sufficient considering the diameter of a rolling-element bearing (3 cm 
on average). In add ition, the resolution is visually more important when the microphones 
are further apart from each other, for instance, more discrete values are present in a 40 cm 
by 40 cm square where each microphone is 80 cm apart from its closest neighbour 
compared to a distance of 40 cm as seen for example in Figure 84-(a) and Figure 84-(b). 
The resolution outside the area formed by the microphones was also modelled and is 
presented in Figure 87. 
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Figure 87: Acoustic source location resolution beyond the position of the senso rs at: <a) 10 kSa mples 
per second; <b) 50 kSamp les per second <at 20'C) 
180 
3 LOCATION OF A SINGLE RO LLI NG-ELEMENT BEA RING BASED ON ACOUSTIC ANALYS IS 
A cost-effecti ve approach to the condition monitorin g of multiple ro lling-element bearings 
Figure 87 shows also that the resolut ion will be worsened if it is intended to locate acoust ic 
sources outside the region bounded by the microphones_ Hence it is preferred to monitor 
rolli ng-element bearings inside the area bounded by the microphones. 
To thi s po int, theoretical and experimental models showing the relationship between DATs 
and acoustic source coordinates have been investi gated and compared. The development of 
the theoretical model showed that by knowing the coordinates one could obtain the DATs. 
Of course when collecting the experimental data only the DATs can be recovered by using 
cross-correlation and one wishes to retrieve the coordinates of the acoustic source. What is 
req uired then is a method able to integrate the model in hand so that it would give out 
instantl y the coordinates when provided with the DATs. Some neural networks achieve 
just that. Such neural networks need to be trained. To do so a limited amount of 
corresponding data (DA Ts!coordinates) must be given to it so that neurons learn to map 
the model used. Hence given a li mited number of input/output sets, it will be able to 
approx imate points that were not given to it by interpolating between points in the given 
model. Numerous parameters can be set when training a neural network . These parameters 
will usuall y have dramatic effects on the performance of the trained neural network. The 
type of trai ning data will also greatl y influence the neural network perfo rmance. Havi ng 
three models , one can train a neural network for each of them and determine which neural 
network with which model's data set approx imate best the given model. 
3.3.3 Neural Network trai ning 
The selecti on of the type of neural network and its training algorithm for accurate acousti c 
source location results is crucial. Matl ab proposes a large quantity o f such train ing 
algorithms. A feed-forward NN will be used since it does not require a large number of 
data sets to be trained and it is widely used in relevant literature. To find an effic ient 
algorithm, the DATs from the reduced model were selected as the input o f the NN. The 
inner layer of the NN had eighteen Neurones. The learning rate was set at 0.0 I, the mean 
squared error (mse) to reach was put at 0.01 , the momentum was 0.9 and the training 
session was stopped after one hundred epochs. The output of the N I was the location 
coordi nates of the reduced model. The training algorithms and search functions tested are 
li sted in Table 14 and Table IS respecti vely. 
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Name Reference 
One step secant algorithm Trainoss 
Levenberg-Marquardt algorithm Train lm 
BFGS algorithm Trainbfg 
Scaled conjugate gradient Trainscg 
Powell-Beale restarts Traincgb 
Polak-Ribiere update Traincgp 
Fletcher-Reeves update Traincgf 
Resilien t Backpropagation Trainrp 
Table 14: Backpropagation algorithms tested 
Name Reference 
Golden section search Srchgol 
Brent 's search Srchbre 
Hyb rid bisection-cubic search Srchhyb 
Charalambous' search Srchcha 
Backt racking Srchbac 
Table 15: Line search routines tested 
To test all these algorithms and line search rou tines variations to define the most effic ient 
association in term of error reached and training time each of them was tested one hundred 
ti mes on an NN. The important parameters in these tests were the time taken for each set 
training algorithm I search function to reach a defined goal or to reach the end of the 
train ing epochs. The results are shown in Table 16. 
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Training algorithm Search function T ime (5) Error (m5e) Epoch reached 
trainoss Srchgol 24.6 7.6 100 
Srchbre 22.3 7.8 100 
Srchhyb 39.6 7.4 100 
Srchcha 24.8 7 100 
Srchbac 22.9 7 100 
trainlm Srchqol 40.9 3.9 100 
Srchbre 40.6 4 100 
Srchhyb 40.6 4.2 100 
Srchcha 41 3.9 100 
Srchbac 40.9 4.4 100 
trainbfg Srchgol 32 5.3 100 
Srchbre 29.5 7 100 
Srchhyb 45.5 5.7 100 
Srchcha 32.1 5.8 100 
Srchbac 29. 1 5.5 100 
trainscg Srchgol 21.5 6.9 100 
Srchbre 21.4 6.9 100 
Srchhyb 21.7 6.9 100 
Srchcha 21.4 7.2 100 
Srchbac 21.4 7.1 100 
traincgb Srchgol 24.9 7.7 100 
Srchbre 22.8 7.5 100 
Srchhyb 38.8 6.9 100 
Srchcha 24.8 7.1 100 
Srchbac 22.8 6.8 100 
traincgp Srchgol 24.6 8.4 100 
Srchbre 22.5 8.5 100 
Srchhyb 42.7 7.6 100 
Srchcha 24.3 7 100 
Srchbac 22.8 7.4 100 
traincgf Srchgol 24.8 8. 1 100 
Srchbre 22 8.1 100 
Srchhyb 40.4 7.5 100 
Srchcha 22.7 7.6 100 
Srchbac 22.6 8.1 100 
trainrp Srchgol 14.1 9. 1 100 
Srchbre 13.8 9 100 
Srchhyb 13.7 9.3 100 
Srchcha 14 9.2 100 
Srchbac 13.8 9. 1 100 
Table 16: effect to training algorithm and search function on neural network training quality 
As seen in Table 16, the fixed error for the NN to settle is never reached . However the 
Levenberg-Marquardt training algorithm gives the lowest error. Associated with the 
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Golden search the error is optimally reduced for an acceptable amount of time_ As a result, 
these are used for the rest of the experiments. 
The next experiments are made to determine the best acoustic source localization accuracy 
a trained feed-forward NN can achieve. To do so, forty measurements were made by a 
series of eight closely located points as shown in Figure 88. 
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Figure 88: Ideal meas ured acoustic source position 
For each of these locations, the differences of arrival times were measured with the 
method de cri bed previously. Then a feed-forward NN was trained with the reduced three 
types of data (theoretical, empty and full experimental) one hundred times over fifty 
epochs with two neurones. After each training stage, the differences of arrival time were 
given as input of the trained NN then the di stance between the expected position and the 
NN guessed acoustic source position (Dist) was measured as shown in Figure 89. 
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- f- NN posi tion guess 
- f- Expected position 
Xg 
Figure 89: Distance measurement between expected acoustic source position and the position 
predicted by the NN 
The d istance Disl between the retrieved position and the measured one were obtained as 
fo llow: 
(96) 
An NN was trai ned with the same number of neurones and this distance was measured a 
hundred times then the averaged distance was calcu.lated. The same process was repeated 
from two to thirty neurones. Since forty positions were used, the mean distance (Figure 90) 
and the variance (Figure 91) of these points were calculated for every number of neurones. 
The averaged time for each training stage was also calculated (Figure 92). 
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Figure 92: Training time required for an NN depending on the number of neurones 
The measurement of the mean error of distance and the variance of the error of di stance 
are important parameters since it is desired to get an NN response as close as possible to 
the expected acoustic source location. The mean error has to be minimal and within an 
acceptable range to avoid any confusion of location between two closely located acoustic 
sources. The variance indicates the extent to which the whole data distribution is 
concentrated around the mean value. Hence a minimal variance is sought to avoid large 
di screpancies in terms of acoustic source localization. 
As seen in the mean of the error of distance graph (Figure 90), several phenomena can be 
observed. First, an NN trained with the full test ri g data bas its performance worsen, in 
temlS of mean error and variance of error, compared to the two other models generally for 
NN with ten or more neurones. This can be correlated to discussion 3.3.2. 1 where it was 
concluded that the empty model is more representative of the theoretical model due to 
lower errors in mean, range and standard deviation. However an NN having from two to 
seven neurones and trained with the full test rig model will consistently have better 
performances than a counterpart NN trained with the empty test rig model. It can be seen 
also that an NN trained with the theoretical model will have a reduced mean of error. The 
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same trends appear in the variance graph (Figure 9 1) where the shift point of accuracy 
between the empty and full test ri g models is at eight neurones. Again an NN trained with 
the theoretical model will have a low and more stable leve l of error irrespecti ve of the 
number of neurones (at least with more than three/four neurones) . 
In terms of variance, an NN trained with the empty test ri g model will have the lowest 
error, fo r six or seven neurones, of all three model s. The error is also consistentl y low fo r 
four neurones in terms of mean and vari ance. The theoretical model will be best suited 
when trying to reduce the mean of the error of location, however the location error will 
remain between 3.83 to 4 .69 cm for all the models with four, six and seven neurones. This 
seems an acceptable level of error since it is of the order of the pulley diameters often 
encountered in RM mail processing machines (between 3 and 5 cm). 
However as a general rul e it is better to use the theoretical model if one wants to have both 
low mean of error of location and vari ance of error (twenty-s ix neurones for the lowest 
mean: 3.72 cm). 
As seen in Figure 92 the training duration will vary between one second for two neurones 
and four seconds fo r thirty neurones. This does not represent an issue so the NN training 
time is not a critical parameter. 
The number of neurones necessary for an NN to output the lowest mean and variance of 
error of source locali zation has been defined for different types of data set. The next 
experiments consisted in reducing further the mean and variance of error by using the most 
suitable type of data set wi th the prev iously defined number of neurones. To do so, each 
data type (theoretical, experimental empty test rig data and experimental full test ri g data) 
was used to train an NN by increas ing the number of NN epochs by increments of 10 
epochs, between 10 and 100 epochs , over 100 times fo r each number of epochs. The mean 
Il1se error for each series of 100 trainings was also calculated. It was noted during the 
experiments that the number of epochs were not necessarily related to the achieved mse 
error. Hence for the display of the obtained data the mse error was used to assess the 
pos ition error and the number of epochs was still used as a reference to define an 
acceptab le duration of NN training. The mean and pos ition error for the experimental 
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empty test rig data are displayed respectively in Figure 93 and Figure 94. These two 
statistical parameters fo r the experimenta l full test rig data can be seen in Figure 95 and 
Figure 96 whereas Figure 97 and Figure 98 are for the theoretical data set. 
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Figure 93: NN mea n position accuracy when tra ined with the empty test rig data (tes ts made with the 
number of epochs varying from 10 to 100) 
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Figure 95: NN mean I'osilion accuracy when trained with the full test rig data (tests made with the 
number of epochs varying from 10 to 100) 
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Figure 96: NN variance of position error when trained with the full test rig data (tests made with the 
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Figure 97: N mea n position accuracy when trained with the theoretical data (tests made with the 
number of epochs varying from 10 to 100) 
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Figure 98: NN variance of position error trai ned with the theoret ica l data (tcsts made with the number 
ofcpochs varying from 10 to 100) 
From Figure 93 , Figure 95 and Figure 97 it can be seen that the lowest mean errors of 
acoustic source localization are obtained with a NN trained with the experimental full test 
rig data set. Indeed, this type of data is the only one that reduces tbe mean error to under 3 
cm. 
The variance-of-error graphs (Figure 94, Figure 96 and Figure 98) also show that the 
variance range is similar for tbe three types of data. For the experimental full test rig data 
set, noted for its good behaviour in terms of mean of posi tion error, it can be seen that the 
NNs with six and seven neurones have a less stable variance at lower mse hence a minute 
change of mse during the training stage could lead to a variance from being acceptable to 
being mediocre. [n conclusion, the experimental test rig data set was selected to train a 
feed-forward NN with four neurones for having the lowest error in terms of acoustic 
source localization (2.46 cm) and a very good result in terms of variance of error of source 
local ization (8.67) for a mse error of9.27 was obtained for 100 epochs ofNN training. 
Manipulating the number of epochs might reduce these instances of localization-error 
mean and variance. Reducing these errors using the number of epochs, rather than setting a 
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mse error, would lead to a faster and more reliable NN training. The lowest error in the 
last measurements was found to be at 100 epochs but the exact number of epochs leading 
to the lowest error mean and variance had to be defined. To do so calculations of the mean 
and variance of localization error were conducted for NNs trained a number of epochs 
around 100: from 80 to 120 epochs by steps of I epoch. The NN training for each number 
of epoch was repeated over two hundred times and the mean and variance calculated every 
time so that when the newly found mean of error was lower than any previously calculated 
it would be kept along the variance value. Hence the lowest mean error and its associated 
variance were found fo r each number of epochs tested. The results are shown in Figure 99-
(a) (mean versus mse error), Figure 99-(b) (variance versus mse error), Figure 100-(a) 
(m se error versus epochs number) and Figure 100-(b) (epochs number versus mean) . 
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Figure 99: Training with four neurones and the experimental full test rig data: (a) mean of source 
loca lization error change due to training error (mse) va riation; (b) variance of source localization 
error change due to training error (msc) variation 
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Figure 100: Training with four neurones and the experimental full test rig data: (a) training error 
(mse) change due to number of epochs variation; (b) mean of source localization error change due to 
number of epochs variation 
Figure 99- (a) shows a dramatic reduction of the mean source localization error that can be 
achieved by a feed-forward NN trained with the experimental full test rig data: an average 
error of 1.62 cm away from the exact position can be expected. The variance of error, 
shown in Figure 99--(b), also is dramatically reduced from 8.67 to 5.5 ensuring small 
discrepancies between the mean error of localization and the extremes. However, it can be 
observed that the mean and variance of source locali zation error are not proportional to the 
training error implying that the source locali zation error and variance cannot be directly 
and easily reduced by setting a clearly defmed traini ng error. The erratic distribution of the 
training erro r for minute variation of mean and variance of source localization error also 
confirms thi s. 
Figure 100-(a) indicates that increasing the number of training epochs does not lead to a 
clearly controlled evolution of the training error. The training error that enabled the finding 
of the minimum mean and variance of local ization error is included in the window covered 
for trainings between 90 and 120 epochs but cannot clearly be retTieved with a unique 
number of training epochs. Figure 1 OO-(b) finally shows that increasing or reducing the 
number of NN training epochs would have no effect if it is intended to reduce the mean of 
source local ization error. It was noted during the experiments that increasing further the 
number of epochs would not reduce the error because the NN was stagnating at a random 
training error value indicating that the NN was trapped in local error minima. 
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Following these fi ndings, it was considered that a mean of error of locali zation of 1.62 cm 
and a variance of error of locali zation of 5.5 represented an acceptable level of uncertain ty. 
3.4 Conclusion 
In thi s chapter, passive locali zation of an acoustic source (signature o f a ro ll ing-element 
bearing played by a Dictaphone) was demonstrated to be success ful in a fa irly complex 
environme nt. To this end a model has been developed for locati ng such an acousti c source. 
The effect of ambient temperature, digitisati on of analogous real world s ignal, sampling 
rate and distance between the three sensors used on the model were considered. The 
localization resolution was also considered. A rolling-element bearing, rotating ins ide the 
test rig, was s imulated by playing a prev iously recorded typical acoustic stress wave of 
such element , then a Matl ab program using a feed- forward neural ne twork trained using 
both the Pythagoras calculation and ex perimental data was able, a fter fine tuning, to locate 
properl y the roll ing-element bearing s ignature source: using the theoreti cal Pythagoras 
approach the lowest mean of error of source localization was 3 .72 cm and a vari ance of 9 
and by using the experimental data obtained from the fully furni shed test ri g this error and 
vari ance were dramatically reduced to respecti vely 1.62 cm and 5.5. These values were 
considered as acceptable considerin g the average d iameter of the pulleys used by RM (3 to 
5 cm). Tt is a lso important to note that th is was obtained using three low-cost tie-cl ip 
microphones, which achievement has never been reported for monitoring ro ll ing-ele me nt 
bearings. 
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Chapter 4 
4 LOCATION OF MULTIPLE ROLLING-ELEMENT 
BEARINGS SIGNATURES BASED ON ACOUSTIC 
ANALYSIS 
4.1 Introduction 
In the previous chapter, the locali zation of a single pu lley signature recorded on a 
Dicraphone was success fu ll y applied. It was also demonstrated that the location accuracy 
of the acoustic source was acceptable compared to the size of a rOil ing-element bearing 
even when using low-cost microphones. Although the tests were done in a laboratory 
environment with a relati ve ly large amount of noise (coming from passers-by, compressors 
and other machinery) the case where several pulleys have to be monitored (along with a 
nearby noisy electrical motor driving the pulleys) was not considered. Tests on simulation 
will be made in this chapter to address thi s issue. 
4.2 Location retrieval of an acoustic signal source from a convolution of two 
sources ' s ignals 
Hence the nex t stage consisted in defining if it is possible to fi nd the location of each of 
two acoustic sources emitting simultaneously by using the triangulation method. One 
Dictaphone, placed sequentiall y at two pos itions, was used to simulate two acoustic 
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sources and three tie-clip microphones were implemented to collect the incoming air-borne 
acoustic signals as pictured in Figure 101. 
Dictaphone 
at position I 
Microphone 3 
Cm3) Signal conditioning, 
DAQ and Computer 
~ Dictaphone 
~ I at position 2 
Microphone 2 
Cm2) 
Microphone I 
Cm,) 
Figure tOI : Element used to test the localisation ca pability of cross-correlation with two acoustic 
sources 
The Dictaphone was set to play a 500 Hz sine wave. A single acoustic source was used to 
simulate several simultaneously emitting ones thus enabling to check efficiently and easily 
if the location ofa single acousti c source can be retrieved when mixed, or modulated, with 
another acoustic signal. The natural convolution phenomena of simultaneous sound 
emission could be achieved computationally by adding each signal to be convoluted. In 
addition, the loudness level of the two acoustic sources could be considered as equivalent 
since only one Dictaphone was used, and the sound level emission kept unchanged, thus 
providing equal probability to locate the acoustic source at one or the other position. The 
sampling rate of the acquisition process was set to 50,000 samples per second and the 
acquisition process duration was set to 2 seconds. After each acoustic signal was recorded, 
the cross-correlation between each microphone was computed, and these are depicted in 
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Figure 102 along with the numbers of samples assoc iated with the max imum corre lation 
values. 
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Figure 102: Cross-corrclogra ms for the signals from acollstic source 1: (a) between ml and m2; (b) 
between 1111 and 1113 - Cross-correlograms for the signals from acollstic source 2: (c) between 1111 and 
m2 ; (d ) between ml and m3 
Then the two signals corresponding to each acoustic source were added channel by 
channel to simulate the convolution of the two acoustic waves in the propagation medium 
before arr iv ing at each microphone . After this cumulati ve process, the result was processed 
using cross-correlation so that one cou ld look for peaks simil ar to the max imum peaks 
fo und in Figure 102. The cross-correlograms of the convo lution results can be seen in 
Fi gure 103. 
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Figure 103: Cross-corrclograms of the convolution of the two acoustic waves ' signals: (a) between m] 
a nd m2; (b) between ml a nd m3 
The peak in Figu re 103-(b) is very close to that in Figure 102-(b) (52 and 49), however the 
one in Figure 103-(a) is far from either of the peaks in Figure 102-(a) and Figure 102-(c): 
(6 versus -8 and 17)_ Si nce both cross-correlation peaks in Figure 103 need to be very 
close to a pair of peaks corresponding to one of the acoustic sources - and this is not the 
case here - one can conclude that thi s approach, where two acoustic sources have a similar 
loudnes , does not give a sati sfactory resul t in terms of local isation of at least one of the 
sources fo r the case where two acoustic sources are present in the monitored environment. 
However, it could be expected that beyond a certain difference of loudness, the quietest 
sound would be drowned by the second much louder sound _ Then the cross-correlati on 
ca lculation would give the lag of the loudest sound , Hence, the quietest sound could be 
considered as a noise and the loudest one as the sound to be located , One o f the interesting 
effects observed during the experiments is that for the same level of sound released by a 
moving Dictaphone, the rat io o f the signal amplitude at two microphones was varying 
depending on which of the two microphones the acoustic source was the closest, as seen in 
Figure 104, 
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Figure 104: Variation in amplitude of acoustic s ignature collected at two separated sensors: <a) 
Acoustic source closer to microphone I (ml ); (b) Acoustic source closer to microphone 2 (m2) 
This can be explained by the fact that the elastic propagation medium possesses an 
acousti c impedance. As seen in Chapter 2, an airborne stress wave travelling in a three-
dimensional space will decay exponentially with di stance. This can be depicted as in 
Figure 105 where we can see the same stress wave arriving at two spatially separated 
sensors. In thi s fi gure, the two sensors' signals are superimposed to see the change 
occurring in the shape of the ori ginal wave. Figure 10S-{a) shows onl y this 
superimposition where the wave in blue arrived first at sensor I and the wave in green 
arri ved at a later instant at a remote sensor 2. Figure l OS-Cb) shows the exponential decay 
in red; in thi s figure the maximum values for both waves were taken as reference to see the 
reduction in amplitude showing this decay. For a wider di fference of arrival time "t 
proportional to a longer di ffe rence of travelled di stance, thi s max imum green peak wi ll be 
more attenualed and will follow the red curve trend. 
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(a) (b) 
Figure 105: Superposition of the outputs of two microphones having collected an acoustic wave from 
the same source; (a) simple supcrposit ion; (b) v isualisation of difference of arrival-time aDd signal 
attenuation 
This effect had to be taken into consideration during the next tests. These tests were 
undertaken to evaluate the threshold at which one sound 's lag starts to dominate so that the 
IllinLmum SNR enabling to define accurately the lag of the sound of interest could be 
retrieved. Again a Dictaphone was displaced sequentially (Figure 106-(a)) and the 
recorded signature convoluted by computer (Figure I 06-(e)) to simulate simultaneous 
emission of two sounds. Thus the loudness level of each signature could be changed 
without affecting the quality of the signals compared. Changing a single parameter in an 
experiment enables its effect on a studied system to be seen. Here the sound loudness 
difference is the only investigated parameter thus enabling the improvement of the level of 
confidence in the conclusion reached. The two parameters assumed to be important in the 
definition of the difference of loudness threshold were the difference of loudness between 
channels I and 2 for each sound and the difference of loudness between the two sounds at 
one channel of reference (selected as channel I , as shown in Figure 106-(b) and Figure 
106-(c)). 
As a starting point, channels I for the two sounds had to be normalized to be comparable 
and channels 2 scaled down at the same ratio used for the normalisation (Figure I 06-(c)). 
For this task the summation of the absolute values for each signals collected sequentially at 
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channel I was made. The normalization of the second sound 's channe ls with respect to the 
f· d' h I I R . I sum(abso luteof channel I fo r sound I) d Irst soun S c anne , atlo = was compute 
sum(absoluteof channel I for sound 2) i 
and then mUltiplied by chan nels I and 2 of the second sound (Figure 106-(b)) . At thi s point, 
the two sounds could be considered as hav ing the same loudness at their respecti ve signal 
co ll ected sequenti ally at channel I 
For the measurements, the ratios between chan nels I and 2 of each signa l were measured 
and selected to have a series of two signals with graduall y increasing ratio (those in Figure 
106-(h)). 
For each of these rati os the loudness of s ignal 2 (for both channels) was increased by 
regu lar steps, from 0 .1 to 100, to simu late a difference of loudness (Figure 106-(d)). 
Each time sound 2's signals were increased by a step, it was fo llowed by the resulting 
signals to be mixed with sound I 's signals fo r sounds convolution s imulation. Then a 
cross-correlati on calculati on was run on both the sounds mixture's two channe ls (Figure 
106-(f) and Figure 106-(h)) and on origina l sounds' channels so that the two retrieved lags 
cou ld be compared for matching (Figure 106-(g) and Figure 106-(i )) and to determine if 
the loudest sound 's lag was retri eved and at which d iffe rence of loudness between the two 
compared sounds. 
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Figure 106: Algorithm to determine the c ross-co rrelation capabili ty with different SNR 
For testing this algorithm we used data that was recorded when the Dictaphone was 
playing a rolling-element bearing's signature (the same used in the previous chapter). 
Figure 107-(a) was obtained after having measured the different ratios for both channels 
and for both sounds to obtain the difference of loudness necessary for the second sound's 
lag to overcome the effect of the first sound. Measurements were also done by allowing a 
margin of error of one sample (margin considered as acceptable) for locating a source 
without introducing any confusion between two close acoustic sources. These later 
measurements are presented in Figure 107-(b). Different arrangements of ratios, fTom 0.45 
to 2. 1, between the two channels of the two sounds were tried. 
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Figure 107: Ralio of loudness imbalance between two sounds necessary for Ihe lag of Ihe loudest so und 
to be relrieved by cross-correlalion: (a> exact second sound 's lag; (b) second sound 's lag wilh one 
sam plc of margin 
Figure 107-(a) and Figure 107-(b) represent the di stribution of the data points for various 
- (sound level 2) 1- - Th' h th I'k I f I d I" ' h ratio Imlts, IS sows e most I e y types 0 ou ness Imlt rallo t at 
sound level I 
can be met for the inter-channel ratios used, The histograms in Figure 108 show the ratio 
sound level 2 fo r the exact DA T retrieval of sound 2 before and after being mixed with 
sound level I 
sound I : (Figure 108-(a» and with a margin of I sample on the DAT retTieval of sound 2 
before and after being mixed with sound I: (Figure 108-(b» , 
(a) 
ralio 
Figure 108: Hislogra m of Figure I 07's data poinls distribulion: (a) exacl second sound 's lag; (b) 
second sound's lag with one sa mple of margin 
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Then the cumulative sums of the histograms in Figure 108 are presented in Figure 109-(a) 
and Figure 109-(b) so that a certain degree of confidence in the loudness limit ratios can be 
kept to derIDe the distribution presented above. 
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Figure 109: C umulative sum of ra tios for: <a) exact second sound's lag; (b) second sound ' s lag with 
one sa m pie of margin 
Fina lly, the median, mean, distribution variance, minimum and maximum values for the 
strict DA T retrieval and one sample of margin on sound 2 DA T measurements were 
calculated and are given in Table 17 . 
Exact sound 2's Sound 2's ratio with a 
ratio margin of one sample 
Mean 4.76 1.85 
Median 2.3 1.6 
Variance 65.09 1.7 
Minimum val ue 0.5 0 .2 
Maximum value 73.8 11.7 
Table 17: Five statistical values for the second sound's ratios data (two sounds) 
From Figure 107, Figure 108, Figure 109 and Table 24 (Appendix - section 8), it can be 
seen that the majority of the loudness ratio values are located below 7.8 which means that 
of all the encountered cases and within the inter-channel ratios ranges, a sound 's lag will 
be retrieved if the sound's magnitude is 7.8 times more important than the other sound, or 
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noise, emitted s imultaneously with a degree of confidence of 90% if the exact DAT value 
is required whereas for the same degree of confidence it wi ll onl y need to be three times 
louder or less if one sample of error is accepted. It can be seen from the Table ITs 
minimum and max imum values that by allowing an error of one lag in the retrieval of the 
difference of arri val time of the louder sound the range of sounds ratio is reduced. The 
mean, median and variance are also useful in showing that a lower difference of loudness 
between two sounds is suffi cient to locate the louder sound without ri sk of location 
confusion if an e rror of one lag is enabled. 
4.3 Location retrieval of an acoustic signal source from a convolution of three 
sources' signals 
Fo ll owi ng these tests, measurements were made with three sounds. In thi s case, two 
sounds were considered as being a noise and the third one as bei ng the sound of interest. 
Hence the first two sounds were mi xed together and the ratio between channe ls I and 2 of 
the resu lting mixture was measured. A seri es of simil ar mixtures but with a different rati o 
between channe ls I and 2 (evenl y spaced rati os from 0 .5 to 2.1) was selected to see the 
effect of such a ratio on the sound location retri eval of a third loude r sound. This was 
fo llowed by the selection of a seri es of sounds to be used as the sound of interest. Again 
thi s seri es of sounds was selected to show ratios between channels I and 2 di stributed 
evenl y between 0.5 and 2. 1. The third sound of interest was mixed with the mi xture of 
noise and then the diffe rence of arriva l time of th is mixture was measured. This DAT was 
compared with the OAT of the sound of interest. If these two DA Ts were not matching, 
the sound of interest amplitude was increased by a ratio of 0.1 and then mixed again for 
global mixture's OAT measurement. This process was repeated until the two DATs were 
matching. These measure ments with different ratios between channels I and 2 of the 
mixture of noise and of the sound of interest along with the amplitude ratio necessary for 
the sound of interest OAT to be retrieved in the global mixture are shown in Figure 11 0-
(a). Simi lar measure ments are presented in Figure II O-(b) in the case where the OAT of 
the global mixture had one lag of di screpancy with the OAT of the sound of interest. 
206 
4 LOCATION OF MULTIPLE ROLLING-ELEMENT BEARINGS 
A cost-effective approach to the condition monitoring of multiple ro lling-element bearings 
(a) 
Rat io between channels" 
I and 2 of lhe sound of 
Intcrest 
.. 
, 
i ........ 
>Ind 2 of a nOlsc (m ix ture 
of two sounds) 
(b) 
. 
" -§ : 
ii -
• • ~ . 
.l! -
.: . 
o • 
. 2 .: 
.l1 
r ~-" 
1 l~' l1 j l 
i l1 - f 
!- ·1 ~:- I ,-- _ ' r + 
' ____ ~ .. ~/:::;;,~::,f.~~.!.!.} 1 
. ..... ~~~~: ~~~!~ .. 
.. ' ~~~ .. ,.:t~. ". 
, ::::- ". '. 
Raho between channe ls" Rat io between channels 1 
I and 2 of the sound of and 2 ora noise (mixture 
interest oflwo sounds) 
Figure 110: Ratio of loudness imba lance between three sounds necessary for the lag of the loudest 
sound to be retrieved by cross-correlation : (a) exact lag of the sound of interest; Cb) lag of th e sound of 
interest with onc sa mple of margin 
The ratios of the two channels I necessary fo r the sound 3 to be properl y localed are 
presented in the form of a hi stogram in Figure Ill , 
Figure I 10-(a) and Figure 11 O-(b) represent the di stribution of the data points for various 
- (sound level 2) I' , Thi h h I'k I f I d 1-' - h ratio lmlts_ ss ows t e most I e y types 0 ou ness Imlt ratio t at 
sound level I 
can be met for the inter-channel ratios used_ The histograms in Figure I11 show the ratio 
sound level 2 for the exact DAT retrieval of sound 3 before and after being mixed with 
sound level I 
sounds I and 2: (Figure III-(a)) and with a margin of I sample on the DAT retrieval of 
sounds 3 before and after being mixed with sound I and 2: (Figure III-(b )), 
Ca) Cb) . , -________ -.--, 
. . . 
... 
'. .. .. .. .. , 
Sound level rali o Sound leve l rati o 
Figure Ill : Histogram of Figure 110's data points distribution: Ca) exact lag of the sound of interest; 
Cb) lag of the sound of inte rest with one sample of ma rgin 
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Then the cumulative sums of the histograms in Figure I11 are presented in Figure 11 2-(a) 
and Figure 11 2-(b) so that a certain degree of confidence in the loudness limit ratios can be 
kept to define the distribution presented above. 
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Figure 11 2: Cumulative sum of ratios for three sounds for: (a) exact lag of the sound of interest; (b) lag 
of the sound of interest with one sa mple of margin 
Finally the median, mean, distribution variance, minimum and maximum values for the 
strict OAT retri eval and one sample of margin on sound 3 OAT measurements were 
calculated and are given in Table 18. 
Exact sound 3' s Sound 3' s ratio wi th a 
ratio margin of one sample 
Mean 3.73 1.87 
Median 1.7 1.1 5 
Variance 49.46 17.43 
Minimum value 0.1 0. 1 
Maximum value 62. 1 45.9 
Table 18: Five stat istical va lu es for the sound of interest's ratios data (three sounds) 
From Figure 110, Figure 11 I and Figure 11 2, it can be seen that the majority of the 
loudness ratio values are located below 6.3 which means that of all the encountered cases 
and within the inter-cbannel ratios ranges, a sound ' s lag will be retrieved if the sound ' s 
magnitude is 6.3 times more important than the two other cumulated sounds emitted 
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simultaneously with a degree of confidence of 90% if the exact OAT va lue is required 
whereas for the same degree o f confidence it will onl y need to be 2.5 times louder or less 
if one sample of e rror is accepted. It can be seen fro m the Table 18's min imu m and 
maximum values that by a llowing an erro r of one lag in the retrieval of the di ffe rence of 
arri va l time of the louder sound the range of sounds rati o is reduced . The mean , median 
and varia nce are also usefu l in showing that a lower difference of loudness be tween th ree 
sounds is suffi cient to locate the louder ound without ri sk of location confusion if an error 
of one lag is enabled . 
4.4 Location retrieval of an acoustic signal source from a convolution of four 
sources' signals 
T hen measurements were made w ith four sounds. As with two sounds, the last one (sou nd 
4) was considered as the sound of interest whereas the other ones (three sounds) were 
cons idered as noise . Hence the first three sounds were mixed together and the rat io 
between channe ls I and 2 of the resulting mi xture was measured. A series o f similar 
m ixtures but with diffe rent ratio between channels I and 2 (evenl y spaced rati os from 0.5 
to 2. I) was selected to see the e ffect of such rati o on the sound locati on re tri eva l of a 
fo urth louder sound . This was fo llowed by the selection of a series of sounds to be used as 
the sound of interest. Again thi s series of sounds was selected to show rati os between 
chan nels I and 2 d istri buted evenl y between 0.5 and 2. I. Sound 4 was mixed with the 
m ixture of noise and then the OAT of thi s mi xture was measured. This OAT was 
compared with the OAT of the sound of inte rest. If these two OATs were not matching, 
sound 4's amplitude was inc reased by a ratio of O. I and then mixed again fo r global 
m ix ture's OAT measurement. This process was repeated until the two OATs were 
matc hing. These measure ments with different rati os between channe ls I and 2 of the 
mixture of noise and of the sound of interest along with the amplitude rati o necessary fo r 
sound 4's OAT to be retrieved in the global mix ture are shown in Figure I 13-(a). Simi lar 
measurements are presented in Figure I 13-(b) in the case where the OAT o f the globa l 
mix ture had one lag of di screpancy with the O AT of the sound o f interest. 
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Figure 113: Rat io of loudness imbalance between four sounds necessary for the lag of the loudest 
sound to be retrieved by cross-correlation: (a) exact lag of the sound of interest ; (b) lag of the sound of 
interest with onc sa mple of margin 
Figure 11 3-(a) and Figure 11 3-(b) represent the distribution of the data points for various 
. (sound level 2) I' . Th h' . F- 114 h h . sound level 2 raho Imlts. e Istograms m 19ure S ow t e ratio ------
sound level I sound level I 
for the exact DA T retrieval of sound 4 before and after being mixed with sounds I, 2 and 
3: (Figure 114-(a» and with a margin of one sample on the DAT retrieval of sound 4 
before and after being mixed with sounds I , 2 and 3: (Figure 114-(b » . 
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Figure 114: Histogram of Figure 113's data points distribution: (a) exact lag of the sound of inte rest; 
(b) lag of the sound of interest with one sample of margin 
Then the cumulative sums of Figure 114 are presented in Figure Il s-(a) and Figure 11 5-
(b) so that a certain degree of confidence in the loudness limit ratios can be kept to define 
the di stribution presented above. 
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Figure 115: Cumulative sum of ratios for four sounds for: (a) exact lag of the sound of interest ; (b) lag 
of the sound of interest with one sample of margin 
Finally the median, mean, di stribution variance, minimum and maximum values for the 
strict DAT retrieval and one sample of margin on sound 4's DAT measurements were 
calculated and are given in Table 19. 
Exact sound 4's Sound 4's ratio with a 
ratio margin of one sample 
Mean 2.97 1.27 
Median 1.5 I 
Variance 38.28 5.28 
Minimum value 0.1 0.1 
Maximum value 101.5 36.4 
Table 19: Five statistical values for the sound of interest's ratios data (four sounds) 
From Figure 113 , Figure 114 and Figure 11 5, it can be seen that the majo rity of the 
loudness ratio values are located below 5 which means that of all the encountered cases 
and within the inter-channel ratios ranges, a sound' s lag will be retrieved if the sound's 
magnitude is five times more important than the three other cumulated sounds emitted 
simultaneously with a degree of confidence of 90% if the exact DA T value is required 
whereas for the same degree of confidence it will only need to be 1.5 times louder or less 
if one sample of error is accepted. It can be seen from the Table 19's minimum and 
maximum values that by allowing an error of one lag in the retrieval of the difference of 
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arri val time of the louder sound the range of sounds ratio is reduced. The mean, median 
and variance are also useful in showing that a lower difference of loudness between four 
sounds is sufficient to locate the loudest sound without ri sk of location confusion iF a 
margin of one lag on the exact source's DAT is e nabled. 
4.5 Discussion and Conclusion 
Tests have been made in thi s chapter to define if it is possible to locate several rolling-
element bearing s ignatures emi tted simultaneously us ing the triangulation technique. It has 
been shown that the method is inefficien t if the signature sources emit the same orde r of 
loudness magnitude. However, it has been also shown that one of the acoustic sources 
starts to be located when it is s ignificantl y louder than the other acoustic sources: an S R 
spanning between 5 and 7.8 was found to be required for a 90% confidence if no margin of 
location error is allowed or could be improved to between 1.5 and 3 if a margin of one 
sample on the DAT is allowed and fo r still a 90% confidence. One of the most important 
outcomes is that it was shown that one amongst four rolling-element bearing signatures 
could be located provided its loudness was more important than the three remaining o nes. 
This was done using a lesser number of sensors than the number of sources (three sensors 
for four sources) whil e using low-cost tie-clip microphones. Since simi lar achievement 
cannot be found in the literature it can be considered as a contribution to knowledge. The 
application for ro lling-e lement bearing signatures coll ected in a " real-world" situation 
represents also a novelty. It should also be noted that this triangulation approach does not 
take into consideration the frequency content of the rolling-element beari ng signatures: 
th is is very important because the location algorithm does not require prior know ledge 
concerning a particu lar rotating e lement geometry or speed. W here many methods, such as 
the leA are limited to the number of sensors for the number of monitored sources and tend 
to increase in complexity as the number of sources increases , the presented tri angu lati on 
method does not increase in complexity with more sources than sensors. 
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Chapter 5 
5 SIMULTANEOUS CONDITION MONITORING OF 
SEVERAL ROLLING-ELEMENT BEARINGS 
5_1 Introduction 
[n the prev ious chapter, it was demonstrated that an acoustic signature source could be 
properl y located even when mult ip le other acousti c sources were emitting simul taneous ly 
prov ided the first source was much louder than the others, We should consider now a 
significantl y damaged ro lling-element bearing rotating along three other relatively more 
healthy ones. Due to higher energy released by thi s damaged ele ment fro m the fact that a 
defect will result in more resistance to rotati onal movement , effort and energy 
consumption, thi s faul ty element will emit substanti a ll y more acoustic energy than its 
ne ighbours. It is expected that the loudness level of the signature from the damaged 
element will be sufficiently greater than the signatures from surroun ding healthy ones. 
Th us the success of the algorithm to locate a rolling-element bearin g will g ive the 
informa ti on about its condition. Monito ring regul arl y thi s condit ion wi ll g ive hi sto rical 
in fo rmat ion about the condition evolution of the monito red ro lling-element bearin g. To do 
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SO, the previously presented triangulation method wi ll be further di scussed and improved 
in the present chapter. 
5.2 Experiments description 
To investigate the efficiency of the developed triangulation method on several real rotating 
pull eys, each containing two rolling-element bearings, a test rig shown in Figure 11 6 will 
be used. Chapter 6 demonstrated that a loud acoustic source could be located amongst 
three other quieter sources using three low-cost tie-clip microphones. Consequently the 
test-rig in Figure 11 6 was designed to support up to four pulleys, acting as acoustic sources 
when rotating, and three tie-clip microphones were mounted on plastic supports around the 
pulleys to be monitored. 
~igure t 16: Test- rig used for the ex periments in this chapter: (a) gtobat view showing the monitored 
pulleys and the tra nsmission motor; (b) deta it of the pulleys and the ptastic supports hotding the three 
tic-clip microphones 
The microphones were placed away from the four pulleys to be monitored as shown In 
Figure 117. 
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Figure 11 7: Placement of the three microphones (<D,<D and Ol) relative to the four pulleys (PI , P2, P3 
and 1'4) to be monitored 
The aim of the first experiments wi ll be to determine if a damaged pulley could be 
differentiated from a healthy one, then if this can be done also when one, two and three 
healthy pulleys are rotating alongside the damaged reference pulley. One of the ways of 
achieving thi s is to check if a pulley is properly located or not using the tTiangulation 
technique. Since the emission of stTess waves of rolling-element bearings is a stochastic 
phenomenon with moments of quietness and moments of active stress wave emission a 
clearly damaged rolling-element bearing could not be properly located if the monitoring 
action is done at moments of low stress wave emission. To avoid thi s problem, the location 
using the triangulation method was done repeatedly on smal l parts of the signals as shown 
in Figure 118. Hence a distribution pattern would be obtained so that each pulley would 
have a number associated with the number of times it was located in the series of 
triangulation measurements showing the acoustic activity of each pulley relative to each 
other. So, for example, one damaged pulley could be located 40 times out of 100 whereas 
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onl y once or twice if healthy or for healthy pulleys rotating simultaneously. It can be seen 
in Figure I 18, that the signals are divided in windows (L'. Wib), these windows contain as 
well smaller windows (L'. Wis) , or of equal size, so that even when varyi ng the length of 
L'. Wis, the overall signals will be monitored the same number of times. To be specific, the 
length of the data string recorded for the next seri es of tests is of 1,500,000 samples over 
three channels (10 seconds of signal sampled at 50,000 samples per second). This data will 
be split in windows L'.Wib of 5,000 samples so that the original signal are liced in 100 
wi ndows. The windows L'. Wis fi tting in these windows L'. Wib wi ll be used in the 
tri angulation algorithm hence there will be 100 windows L'.Wis. 
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Figure 118: Algorithm to measure each pulley's acoustic activity by counting the number of times each 
element is locatcd by the triangulation method 
To define if the coordinates x and y calculated by the triangulation algorithm give a 
position pertaining to a particular pulley, the distance between the known pulley centre and 
the retrieved source location has to be calculated_ This distance Disl seen in Figure 89 is 
given by equation (96)_ A speed regulator was used to vary the velocity of the motor and 
consequentl y the velocity of the belt. The belt velocity was set to 3 mlsec for thi s series of 
experiments to be as close as possible to the speed of the belts in the mail-process ing 
machines which are transporting letters_ 
2 17 
5 S IMULTANEOUS COND IT ION MONITORING OF SEVERAL ROLLING-ELEMENT BEARINGS 
A cost-effeclive approach to the condition monitoring of multiple rolling-element bearin gs 
A series of nine tests (Table 20) was run to see the effect of a single damaged pulley with 
no other pulley rotati ng in the monitored area then with an increasing number of rotating 
healthy pu lleys up to four pulleys inside the monitored area. The names of the pulleys in 
Table 20 correspond to the ones in Figure 117. N stands for normal state and D fo r 
damaged state . At every increas ing numbe r of one pu ll ey, pulley I was e ither a pulley in a 
normal or damaged state. 
Test name Pulleys involved 
Test I PI N 
Test 2 PID 
Test 3 PI N, P2N 
Test 4 PID, P2N 
Test 5 PI N, P2N, P4N 
Test 6 PID, P2N, P4N 
Test 8 PI N, P2N, P3N, P4N 
Test 9 PID, P2N, P3N, P4N 
Table 20: Pulley arrangement for the tests to co me 
The data acqui sition process was set to acquire data at a sampling rate of 50,000 
samples/sec. To have a consistent set of d ata, and monitor the system when its running 
temperatu re is stabilized, the test ri g was run for twe nty minutes before starting the 
recording of each test. Each recorded test lasted fo r ten seconds. 
For the tri angul ati on algorithm, three para meters could be changed. The first parameter 
was the number of samples " 6, Wis" shown in Figure 11 8 . The second paramete r was the 
cross-correlati on wi ndow size that is the maxi mum lag allowed to be calcul ated by the 
cross-correlat ion as can be seen in Figure 69; the wider the lag, the smaller the ampli tude 
gets he nce the cross-correlation window s ize does not requi re to be more than half the 
window size. This cross-correlati on window s ize could be reduced even further s ince the 
maximum lag that could be found fo r an acousti c source present in the monitored area 
would barely exceed 50 samples as seen in Figure 8 1. Finally the third parameter was the 
maximum pulley radius allowed: whether the rad ius of the pu ll eys could be taken (2.5 cm) 
or a wider radius margin could be used, being careful that a pos ition in the space wou ld not 
be allocated to two acoustic sources (3.5 cm). 
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For the data gathered for different pulley arrangements presented in T able 20, the 
triang ulation algorithm was applied with d iffere nt parameter val ues presented in Table 2 1. 
2 19 
5 S IMULTANEOUS CON DIT ION MON ITORING OF SEVERAL RO LLING-ELEMENT BEARtNGS 
A cost-eFfecti ve approach to the condi tion monitoring of mu lti ple ro ll ing-ele ment bearings 
Window size (samples) Cross-correlation window Pulley radius 
Test number 6Wis size (samples) considered (cm) 
1 78 50 2.5 
2 78 50 3.5 
3 156 78 3.5 
4 156 78 2.5 
5 156 50 2.5 
6 156 50 3.5 
7 312 156 3.5 
8 312 156 2.5 
9 312 50 2.5 
10 312 50 3.5 
11 625 312 3.5 
12 625 312 2.5 
13 625 50 2.5 
14 625 50 3.5 
15 1250 625 3.5 
16 1250 625 2.5 
17 1250 500 2.5 
18 1250 500 3.5 
19 1250 50 3.5 
20 1250 50 2.5 
21 2500 1250 2.5 
22 2500 1250 3.5 
23 2500 500 3.5 
24 2500 500 2.5 
25 2500 50 2.5 
26 2500 50 3.5 
27 5000 2500 3.5 
28 5000 2500 2.5 
29 5000 500 2.5 
30 5000 500 3.5 
31 5000 50 3.5 
32 5000 50 2.5 
Table 21: Series of tests with different values for each of the three parameters 
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Following the processing of the data with a triangulation algorithm having various 
parameter values, the number of times each pulley was properly located given out by the 
algorithm could be di splayed. 
5.3 Windowed triangulation tests 
The fIrst algorithm that will be used wi ll be as presented in Figure 11 9 . 
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Figure 11 9: Windowed tr iangu lation algo rithm 
Pulley I located X tirre; 
Pulley 2 located X tirre; 
Pulley 3 located X tirre; 
Pulley 4 located X tirre; 
Then the data given out by the algorithm in Figure 119 can be displayed as shown by the 
hi stogram in Figure 120. This figure shows the case where only one pulley is present. The 
blue bars on the left of the integer test numbers represent the counting when a healthy 
pulley is used and the brown bars on the right of the integer test numbers are for the case 
where a damaged pu.lley is present. 
22 1 
5 SIMULTANEOUS CONDIT ION MONITORING OF SEVERAL ROLLING-ELEM ENT BEARINGS 
A cost-effective approach to the condition monitoring of multiple roll ing-elemenl bearings 
OIl 
.E 
1: 
" 
20 
15 
8 10 
5 
0 
0 
I 
2 4 6 6 10 12 
r -,--,--
14 16 16 20 22 
Test num ber 
't heall'hY PUI:ey 1 J 
_ damaged pulley 1 
I I 
24 26 26 30 32 
Figure 120: Number of times of proper localiza tion for one hea lthy or da maged pulley 
The three highest peaks of counting of proper localisation of pulley I are for parameter 
arrangement tests number 14, 10 and 19, showing that a triangulation algorithm using the 
arrangement of parameters associated with these test numbers is more likely to indicate a 
more important pulley damage for higher locali sation count. 
Figure 121 shows the case where two pulleys are rotating in the monitored area. The bars 
on the left of the integer test numbers represent the number of times each pulley is located 
(loca li sation counting) by the algori thm when two healthy pulleys are used and the bars on 
the integer test numbers are fo r the case where a damaged pulley I is used alongside a 
healthy pulley 2. 
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Figure 121: Localization of a healthy/damaged pulley I with the presence of a second healthy pu lley 2 
The only significant difference between a healthy and damaged pulley 1 situation is for 
test 2. This proves that a damaged pulley can be retrieved experimental ly with another 
nearby pulley rotating simultaneously. 
Figure 122 shows the case where three pulleys are rotating in the monitored area. The bars 
on the left of the integer test numbers represent the counting when three healthy pulleys 
are used and the bars on the integer test numbers are for the case where a damaged pulley 
I is used along two healthy pulleys 2 and 3. 
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Figure 122: Localization of a healthy/damaged pulley I with the presence of two hea lthy pulleys 2 a nd 
3 
The four most favourab le situations are for parameter arrangement tests number 6, 3, 10 
and 2 showing that a damaged pulley can sti ll be retrieved experimentally with two other 
nearby pulleys rotating simultaneously. 
Finally Figure 123 shows the case where four pulleys are rotating in the monitored area. 
The bars on the left of the integer test numbers represent the counting when four healthy 
pulleys are used and the bars on the integer test numbers are for the case where a damaged 
pulley I is used alongside three healthy pulleys 2, 3 and 4. 
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The most favourable situations are for parameter arrangement tests number 14, 19, 10 and 
II showing that a damaged pulley can still be retrieved experimentall y with three other 
nearby pulleys rotati ng simultaneously. 
Test 2 also represents a good compromise since the damaged pulley I can be seen, in a ll 
cases, as the most active pulley. 
S.4 Windowed triangulation tests on high-pass filtered data 
It was explained previously that the signature of a damaged rolling-element bearing 
contains frequency components of greater magnitude at frequencies depending on the 
geometry of the bearing, the type of damage and its rotational velocity. These changes will 
occur at both fundamental and harmonic frequencies. Tuning our triangu lation algori thm 
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to these frequencies in the recorded signatures could potenti all y give a higher counting for 
a damaged rolling-element bearing. One way of doing this is to get rid of the frequency 
components th at are not increasing sign ificantl y fo r a health y or damaged ro lling-ele ment 
bearin g. It was also seen that mechanical vibroacoustic noises naturall y occurring in 
practi cal situat ions, espec ially in industri al environments where a large number of ex ternal 
mechanical elements are likely to gene rate interference, produce frequent ly unwanted 
noises. Voices fro m passers-by and mus ic played in the background of RM sorting offi ces 
wi ll also act as unwanted noi se. (1 36) indicate that the frequency components present in 
the human voice could reach 8 to 10kHz as shown in Figure 124. 
''0 
130 
120 fOX. Itveshold of feeling 20 
110 
100 2 3 
~ 90 ~ eo 0.2 [ 
'! 
~ 70 ~ 
~ 60 , .. ,' _ .. i ~ 0.02 
f I~- .~ so " J. lurdottw .. ,oI ~ ... c_o.onor>I d' 
n 
'0 
I.~'>C, ~ .. 
'" '. 
""" 
0002 
;; 
30 '-I ~ ~~ 
" 20 200~ d' 
10 minimum audible field 
0 20~ 
-10 
20 50 100 200 SOD lk 2k 5k 10k 20. 
freq.JenCy. Hz 
Figure 124: The range of human hearing and the approximate ranges of various speech sounds 
Hence it makes sense to eliminate low frequency components of the recorded signatures, 
thus removing most of the external mechanical and human noise, before appl ying the 
tri angu lati on algorithm if one wan ts to improve the SNR of the signals. To do so a digital 
high-pass fi lter can be applied so that the low-frequency components of the monitored 
s ignatures are attenuated. Mat lab possesses a large number of digital high-pass filter types 
that could be used. The Butterworth filters, that are one of these many filter types, were 
selected because of the flatness of their frequency response in the band-pass region as seen 
in Figure 125 (reg ion between 5 kHz and 25 kHz) so that the amplitude of the components 
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at higher (Tequencies would keep the same proportions as in the original signature_ Figure 
125 shows the frequency response for di ffe rent orders_ These orders represent the number 
of applied fi ltering stages and it can be seen that the higher the order the sharper the roll-
off (decreasing trend below 5 kHz). 
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Figure 125: Frequency response of. 5kHz high-pass Butterworth filter for various ord ers 
A Butterworth high-pass filter with an order of 5 was selected for the next series of 
, 
experiments because the decreas ing rate below the cut-off frequency was relati vely fast 
with an attenuation level going below - I 00 dB quite rapidly while the phase shift remains 
moderately important. Hence the next seri es of experiments will consist of applying a 
high-pass filter with different cut-off frequencies before applying the triangulation 
algo rithm as shown in Figure 126. 
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Figure 126: Implementation of the high-pass filter in the triangulation algorithm from Figure 11 9 
This will show if the counting is improved for a damaged pulley_ After testing the new 
algorithm for one pulley, it will be tried also for an increas ing number of healthy pulleys 
rotating in the monitored area just as in the previous experiments_ The selected test 
numbers giving higher counting confidence for a damaged pulley in Figure 120 to Figure 
123 will be used_ For instance for the case where the monitored test-rig contains a single 
pulley, the highest counting difference between a healthy and damaged pulley was for tests 
14, 10 and 19 in Figure 120_ Thus various cut-off frequencies from I kHz to 20 kHz were 
applied in the high-pass filter used to process the signatures before feeding these to the 
triangulation algorithm set with the parameters given by test 14 (result di splayed i.n Figure 
127), by test 10 (result di splayed in Figure 128) and by test 19 (result di splayed in Figure 
129). It was al so said that settings for test 2 could be proven efficient so the present 
filtering method was applied and the resulting graph can be seen in Figure 130. 
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Amongst the various results for one pulley, it can be seen that the highest countings m 
Figure 127 are of similar level (a damaged pulley was located slightly more than 20 times 
for cut-off frequencies of 13 kHz and 14 kHz) as with the triangulation algorithm without 
any high-pass filter where for all cases the triangulation algorithm was set with parameters 
from test number 14. Figure 129 shows the best results ever encountered, for a single 
pulley to be monitored, at a cut-off frequency of 13 kHz. For this cut-off frequency the 
damaged pulley was properly located 34 times compared to only once for a healthy pulley 
placed at the same location. Also a cut-off frequency of 14 kHz showed a slight 
improvement compared to tests without any high-pass filter. These resu lts were for the 
triangulation parameters set with values as given by test number 19, i.e. a window size of 
1250 samples, a cross-correlation window size of 50 samples and an extended pulley 
radius of 3.5 cm. 
Considering now a pulley to be monitored along with another healthy pulley present in the 
monitored area. The only significantly efficient triangulation parameters in Figure 121 
were from test number 2, so the associated parameter values of thi s test were implemented 
in the triangulation algorithm to process the high-pass filtered signatures. The result of the 
counting for different cut-off frequencies is presented in Figure 131. 
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Figure 131: Localization of a healthy/damaged pulley I with the presence of a second healthy pulley 2 
at different cut-off frequencics (kHz) for tcsl number 2 
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It can be seen from Figure 13 1 that the only improvement occurs at a cut-off frequency of 
6 kHz because the difference between pulley I in a healthy and damaged state is greater 
than with the triangulation algorithm without any high-pass filtering pre-processing. 
Then the data used in Figure 122, associated with one monitored pulley along wi th two 
other healthy pulleys, was high-pass filtered with different cut-off frequencies. The first 
graph associated with test number 6 is given in Figure 132, Figure 133 used test number 3 
for the triangu.1ation algorithm, Figure 134 was for test number 10 and Figure 135 was for 
test number 2. 
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Figu re 132: Localization ofa hea lthy/damaged pulley I with t he presence of two healthy pulleys 2 and 
4 at different cui-off frequenc ies (kHz) for tes t number 6 
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Figure 133: Loca lization ofa hea lthy/damaged pulley I with the presence of two hcalthy pulleys 2 and 
4 at different cut-off frequencies (kHz) for test number 3 
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Figure 134: Localization of a healthy/damaged pulley I with the presence of two healthy pulleys 2 and 
4 at different cut-off frequencies (kHz) for test number 10 
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Figu re 135: Localization ofa hea lthy/damaged pu lley I with the presence of two hea lthy pu lleys 2 and 
4 at different cut-off frequencies (kHz) for test number 2 
From Figure 132 to Figure 135, it appears that none of the test number parameters, when 
Ihe signatures are high-pass fi ltered at the pre-processing stage, outperforms the 
triangulation algorithm without any pre-processing for the case where three pulleys are 
present in the monitored area (Figure 122). 
Finally the data used in Figure 123, associated witb one monitored pulley along with three 
other healthy pu lleys, was high-pass filtered with different cut-off frequencies . The first 
graph associated with test number 14 is given in Figure 136, Figure 137 used test number 
19 for the triangulation algorithm, Figure 138 was for test number 10, Figure 139 was for 
test number I I and Figure 140 was for test number 2. 
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Figure 136: Localization of a healthy/damaged puliey I with the presence of three healthy pulleys 2, 3 
and 4 at different cut-offfrequencies (kHz) for test number 14 
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Figure 137: Localization ofa healthy/damaged pulley I with the presence of three healthy pu lleys 2, 3 
and 4 at different cut-offfrequencies (kHz) for test number 19 
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Figure 138: Localization ofa healthy/damaged pulley I with the presence of three bea lthy pulleys 2, 3 
and 4 at different cut-off frequencies (kHz) for test number 10 
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Figure 139: Localization of a bea lthy/damaged pulley I with the presence of tbree bealthy pulleys 2, 3 
and 4 at different cut-off frequ encies (kHz) for test number II 
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Figure t40: Locatization ofa healthy/damaged pulley I with the presence of three healthy pulleys 2, 3 
and 4 at different cut-off frequ encies (kHz) for test number 2 
As fo r the case where three pulleys are monitored, none of the test number pa rameters, 
when the signatures are high-pass filtered at the pre-processing stage, outperforms the 
triangulation algorithm without any pre-processing fo r the case where fo ur pulleys are 
present in the monitored area. 
As seen previously, membership zones including the pulleys to be monitored were created 
to define if a located point would or would not pertain to a particular pulley. 1n most oflhe 
cases the counting di fference between healthy and damaged pulleys was nigher when the 
radius of the pulleys was set to 3.5 cm instead of 2.5 cm. Hence allowing a zone of points 
as wide as possible around the pulleys to be monitored appears to give a higher counting 
confidence. 
High-pass filtering the signatures before glvmg them to the triangulation algoritnm 
improved the countings wi th up to two pulleys in the monitored area. However lower 
countings were found when three or four pulleys were present in the monitored area. 
In most cases, a Gaussian di stribution shape appears in the nigh-pass filtering grapns 
suggesting that some frequencies are more sensitive to certain defects or pulley conditions. 
A lack of consistency also appears between the graphs for unfiltered tTiangulations and 
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high-pass filtered triangulations: it was ex pected to obtain the best counting result fo r the 
highest test numbers o f un filtered triangulati on when applied to high-pass filtered 
triangul ati on. Instead the best results fo r hi gh-pass filtered tri angul ation were obtained 
with the last lowest selected counting peaks in the unfiltered tri angulati on tests (Fi gure 12 1 
to Figure 123). High-pass filterin g the data and us ing the tri angulati on algori thm wi th test 
number 2 settings gave consistentl y low counting results. It could be not iced also that fo r 
most of the cases the countings showing the highest va lues fo r the damaged pu lley were 
obtained with an algorith m set with a cross-correlati on window size of 50 samples. 
Consequently, the search for the hi ghest peaks poss ible fo r the high-pass fi ltered 
tr iangul ation could be narrowed down to tests numbers with a fixed se lected pull eys rad ius 
margi n of 3.5 cm and a c ross-correlat ion w indow size set constant at 50 samples. T he onl y 
changing parameter in the triangul ati on algorithm would then be the window size. 
In that case it would be interesting to test the tri angul ati on algorithm with the test number 
parameters from the unfi ltered tri angulati on graphs hav ing low count ing but fulfi lling th e 
restr ic ti ons imposed on the tri angulation paramete rs. T he test num ber' s parameters would 
then be used in the setting of the high-pass tri angu lati on a lgorithms. 
The test numbers to be used for one pull ey are numbers 6, 26 and 3 1. The graphs obtained 
can be seen in Figure 141 , Figure 142 and F igure 143 respectively. 
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Figure 143: Number of proper localization for one healthy or damaged pulley at different cut-off 
frequencies (kHz) for test number 31 
It can be seen that the counting for a single damaged pulley has been improved from 34 in 
the best previous experiments (Figure 129 for test number 19) to 52 as seen in Figure 142 
and to 61 as seen in Figure 143. These latest results were obtained by using the 
triangulation with the settings number 26 and 3 1 showing that the greater the window size 
the higher the counting results will be. 
For the case with one damaged pulley rotating alongside a second healthy one, the 
parameters for the triangulation that will be of interest are tests number 6, 10, 14, 19, 26 
and 31.The results for test number 6 are di splayed in Figure 144, those for test number 10 
can be seen in Figure 145, Figure 146 is for test number 14, Figure 147 is for test number 
19, Figure 148 is for test number 26 and Figure 149 is for test number 31. 
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Figure 144: Loca lizalion of a heallhy/damaged pu lley I wilh Ihe presence of a second healthy pulley 2 
al differenl cuI-off frequencies (kHz) for lesl number 6 
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Figure 145: Localizalion ofa healthy/damaged pu lley I wilh the presence ofa second healthy pulley 2 
al differenl cuI-off frequencies (kHz) for lesl number 10 
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Figure 146: Localization ora healthy/damaged pulley I with the presence ora second healthy pulley 2 
at dirrerent cut-orr rrequeneies (kHz) ror test number 14 
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Figure 147: Localization ora healthy/damaged pulley I with the presence of a second healthy pulley 2 
at different eut-orr rrequencies (kHz) ror test number 19 
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Figu re 148: Localization of a healthy/damaged pulley 1 with the presence of a seco nd healthy pu lley 2 
at different cut-off frequencies (kHz) for test number 26 
C> 
c 
:g 
~ 
0 (J 
6 
5 
4 
3 
2 
oLI _ iJl 1'"---'-1 _---L'_-"_---"-' _ _ _______ ---'-
o 2 4 6 8 10 12 '4 16 
Cut-off frequency 
,. 20 
Figure 149: Localization ofa healthy/damaged pulley 1 with the presence ofa second healthy pulley 2 
at different cut-off frequenc ies (kHz) for test number 31 
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None of the hi stograms from Figure 144 to Figure 149 shows a neat domination of pulley 
I 's stress wave activity when thi s pulley is in damaged condition. The result of the 
unfiltered tTiangulation as shown in Figure 13 1 has not been equalled when using the high-
pass filtered triangulation algorithm for the case where two pulleys are present in the 
monitored area. 
For the case with one damaged pulley rotating alongside two healthy ones, the parameters 
for the triangulation that will be of interest are tests number 14, 19, 26 and 31.The results 
for test number 14 are displayed in Figure 150, those for test number 19 can be seen in 
Figure 151 , Figure 152 is for test number 26 and Figure 153 is for test number 3 1. 
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Figu re 150: Localization or a healthy/damaged pu lley I with the presence or two healthy pulleys 2 and 
4 at dirrerent cut-orr rrequencies (kHz) ror test num ber 14 
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Figure 151: Loca li7.ation of a hea lthy/da maged pulley I with the presence of two hea lthy pu lIeys 2 and 
4 at different cut-off frequencies (kHz) for test number 19 
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Figure 152: Loca lization of a hea lthy/damaged pulley I with the presence of two hea lthy pulleys 2 and 
4 at different cut-off frequencies (kHz) for test num ber 26 
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Figure 153: Locali7.a tion ofa hea lthy/damagcd pullcy I with the presence of two healthy pulleys 2 and 
4 at different cut-o ff freq uencies (kHz) for test number 31 
From the previous graphs, it can be seen that higher countings were obtained from the 
high-pass filtered triangulation compared to the unfiltered triangulation for the case where 
three pulleys are present in the monitored area. This is more obvious in Figure 153 (test 
number 31) for the cut-off frequencies between 8 kHz and 11 kHz and especially for a cut-
off frequency of 11 kHz where the counting for a damaged pulley 1 reaches twenty- four 
compared to thirteen times for the unfi ltered triangulation (Figure 122). 
For the case with one damaged pulley rotating alongside three healthy ones, the parameters 
for the triangulation that wi ll be of interest are tests number 6, 26 and 31.The results for 
test number 6 are di splayed in Figure 154, those for test number 26 can be seen in Figure 
155 and Figure 156 is for test number 3 1. 
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Figure 154: Localization ofa healthy/damaged pulley I with the presence of three hea lthy pulleys 2, 3 
and 4 at different cut-off frequencies (kHz) for test number 6 
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Figure 155: Localization of a healthy/damaged pulley I with the presence of three healthy pulleys 2, 3 
and 4 at different cut-off frequencies (kHz) for test number 26 
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Figure 156: Localization ofa healthy/damaged pulley I with the presence of three healthy pulleys 2, 3 
and 4 at different cut-ofrrrequencies (kHz) for test number 31 
Again none of the latest test parameters used in the high-pass filtered triangulation for the 
monitoring of the four pulleys (from Figure 136 to Figure 140) has been outperforming the 
unfiltered triangulation results displayed in Figure 123 . Indeed the unfiltered triangulation 
has located a damaged pulley nineteen times which represents an increase of fifteen 
countings of one of the pulleys when all of the pulleys are healthy (test number 14) 
compared to test number 11 at a cut-off frequency of 12 kHz (Figure 139) where the 
damaged pulley was located twelve times with an increase of ten countings of one of the 
pulleys when all of the pulleys are healthy. 
Concerning the global performance for the countings of the current triangulation so far it 
can be said that : 
I. For a single monitored pulley, the greatest difference between a healthy and a 
damaged pulley 1 was sixty countings, hence 60% of the possible highest counting. 
This was obtained when the signatures collected by the sensors were high-pass filtered 
at a cut-off frequency of 13 kHz and with the following triangulation parameters: a 
window size of 5000 samples, a cross-correlation window size of 50 samples and a 
pulley radius margin of3 .5 cm (see Figure 143 for test 31). 
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It was also poss ible to recogni ze a damaged pulley from a health y one using the raw 
signatures. Indeed , the greatest difference between a health y and a damaged pulley I 
was twenty countings (22%) for this situation and for the fo llowing tri angulati on 
parameters: a window size of 62S samples, a cross-correlation window size of SO 
samples and a pulley radius margin of 3.S c m (Figure 120 for test 14). 
2. For two pulleys being monitored , the greatest difference between a healthy and a 
damaged pulley I was e ight countings, hence 8% of the poss ibl e highest counting, 
while keeping the counting fo r the second healthy pulley 2 as low as poss ible. This was 
obtained when the signatures co ll ected by the sensors were high-pass filtered at a cut-
off freque ncy o f 6 kHz and with the foll owing triangul ation parame ters: a window s ize 
of 78 samples, · a cross-correlati on window s ize of SO samples a nd a pulley radius 
margin of 3.S c m (see Figure 13 1 for test 2). 
It was also poss ible to recogni ze a damaged pull ey from a healthy one fo r thi s situation 
using the raw signatures. Indeed, the greatest difference between a healthy and a 
damaged pulle y I was six countings (6%) for thi s situation and fo r the following 
tri angulati o n parameters: a window size of 78 samples, a cross-corre lati on window size 
of SO samples and a pulley radius margin of 3.S cm (Figure 12 1 for test 2). 
3. For three pulleys being moni tored, the greatest di fference between a healthy and a 
damaged pulley I was twenty countings, hence 24% of the poss ible hi ghest counting, 
whil e keeping the countings for the two other hea lthy pulleys as low as poss ible. This 
was obtained when the signatures co ll ected by the sensors were high-pass filtered at a 
cut-off frequency of II kHz and with the fo llowing triangulat ion parameters: a window 
size of SOOO samples, a cross-correlati on window size of SO samples and a pulley 
radius margin of 3.S cm (see Figure IS3 for test 3 I). 
It was also possible to recognize a damaged pulley from a healthy one for thi s si tuation 
using the raw signatures . Indeed, the greatest difference between a health y and a 
damaged pulley I was thirteen countings ( 13%) for thi s situation and for the following 
tri angulati on parameters: a window size of IS6 samples, a cross-corre lation window 
size of SO samples and a pulley rad ius margin of 3.S c m (Fi gure 122 fo r test 6). 
4. For four pulleys being moni tored, the greatest difference between a healthy and a 
damaged pulley I was nineteen countings, hence 19% of the poss ib le highest counting, 
while keep ing the countings for the th ree other healthy pulleys as low as poss ible. Th is 
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was obtai ned wi th the raw signatures and with the fo llowing triangulation parameters: 
a window size of 625 samples, a cross-corre lati on wi ndow size of 50 samples and a 
pu ll ey radius margin of 3.5 cm (see Figure 123 for test 14). 
It was also possible to recogni ze a damaged pulley from a healthy one for thi s s ituation 
using the high-pass filtered signatures. Indeed, in Figure 139 four cut-off frequencies 
are seen to be useful fo r show ing a higher counting for the damaged pulley I compared 
to the three other healthy pulleys. The greater difference can be seen for a cut-off 
frequency of 13 kHz, and then 14 kHz fo llowed by 12 kHz and finally I1 kHz. For all 
these latest cases, the fo llowing tri angulati on parameters were used: a window size of 
625 samples, a cross-correlation window size of 312 samples and a pulley radius 
margin of 3.5 c m (Figure 139 fo r test I I). 
5.5 Triangulation tests on high-pass filtered windowed data 
By hi gh-pass filtering each window of signal instead of high-pass fil tering the complete 
raw signal, as shown in Figure 157, it might be possible to increase the countings for the 
damaged pu lley whi le keeping low countings fo r the healthy pulleys. 
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Figure 157: Implementation of the high- pass filter in the triangulation algorithm 
Hence the algorithm from Figure 157 was tested with Ihe data coll ected fo r a single pulley. 
This algorithm was set with the parameters from test 31. The resulting countings are 
di splayed in Figure 158. 
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figure 158: Number of proper loca li7.3t ion for onc hea lthy or damaged pu lley at diffe rent cut-off 
frequencies (kHz) for test number 3 1 for the algorithm in f igure 157 
When comparing thi s latest histogram wi th Figure 143, which was the best result from the 
algorithm for one pulley from Figure 126, it can be seen that the new algorithm gives 
higher countings for the same sett ing parameters o f test number 3 I. 
The algorithm from Figure 157 was then tested with the data co llected fo r a damaged 
pulley with another healthy pulley. This algori thm was set with the parameters from test 2. 
The resulting countings are displayed in Figure 159. 
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Figure 159: Localization ofa healthy/damaged pulley I with the presence ofa second hea lthy pulley 2 
at different cut-off frequencies (kHz) for test number 2 for the algorithm in Figure 157 
When comparing this latest histogram with Figure 131, which was the best resul t from the 
algorithm for two monitored pulleys [Tom Figure 126, it can be seen that the new 
algori thm gives higher countings for the same sett ing parameters of test number 2 for the 
damaged pulley I. One of the diffe rences however is that the cut-off frequency that gives 
the highest counting fo r the damaged pulley has changed from a cut-off frequency of 6 
k.Hz to 4 kHz. The drawback here is that the counting fo r the heal thy pulley 2, when pulley 
I was damaged, has increased by one counting (from 4 to 5). 
The algorithm from Figure 157 was then tested with the data collected for a damaged 
pulley with two other healthy pulleys. This algorithm was set with the parameters fTo m test 
31. The resulting countings are djsplayed in Figure 159. 
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Figure 160: Localization ofa healthy/damaged pu lley I with the presence of two hea lthy pulleys 2 and 
4 at different cut-off frequencies (kHz) fo r test number 3 1 fo r the algori thm in Figure 157 
When comparing this latest histogram with Figure 153, which was the best result from the 
algorithm for three monitored pulleys from Figure 126, it can be seen that the new 
algorithm gives much higher countings for the same setting parameters of test number 3 1 
for the damaged pulley I (from twenty-four to forty-fi ve countings for the damaged 
pulley). The countings for the other pulleys were also still very low. 
The algorithm from Figure 157 was then tested with the data collected for a damaged 
pulley with three other healthy pulleys. This algorithm was set with the parameters from 
test 11 (as for Figure 139). The resulting countings are displayed in Figure 161. 
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Figure 161 : Localization of a hea lthy/damaged pu lley I with the presence of three healthy pulleys 2, 3 
and 4 at different cut-offfrequencies (kHz) for test number 11 for the a lgorithm in Figure 157 
When comparing thi s latest histogram with Figure 139, which was the best result from the 
algorithm for four monitored pulleys from Figure 126, it can be seen that the new 
algorithm gives higher countings fo r the same setting parameters of test number II for the 
damaged pulley I : for example the highest counting fo r the damaged pulley in Figure 139 
is sixteen whereas three different cut-off frequencies (12, 13 and 14 kHz) in Figure 161 
give countings, for tllis damaged pulley 1, equal or above twenty countings. The countings 
for the other pulleys were also kept low especially fo r a cut-off frequency of 13 kHz. The 
countings have also been improved compared to the triangulation algorithm using 
unfiltered data (algorithm in Figure 11 9 and countings in Figure 123). 
As a reminder, it was shown that the latest algorithm, involving the high-pass fil tering of 
the windowed data, was performing better than the two other presented algorithms in the 
sense that a damaged pulley had higher countings than for the other algorithms. This was 
demonstrated for the monitoring of up to fo ur pulleys. 
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5.6 Implementation of the triangulation technique in an LSM on site 
5.6. 1 Hardware presentation and installation 
The nex t stage consisted of developing an acq ui ition unit that would collect the data from 
an LSM not on ly from tie-cl ip microphones dedicated to the conditi on monitoring of 
ro ll ing element bearings but also from sensors used by other researc hers to co ll ect acoustic 
data fo r the moni to ri ng of belts and optical counters to meas ure precisely the be lt 
velocities. It was also dec ided to include an acce lerometer and a boundary microphone 
(directional microphone) for further research as a compari son with the acoustic method 
developed he re. Such an advanced unit would achieve robust condition monito rin g that 
would use d ifferent sensors in a redundant fashion in case of the fa i lure of one type of 
senso r. The data acqui sition un it manufactu red to collect the data from these sensors is 
shown in Figure 162 and included , as in the previous test arrangement , an anti-aliasing 
filter and an amplifier for each of the tie-clip micropho nes . In addition a thermal came ra 
was also connected to the serial port of a computer that wou ld store the collected data. 
Thi s type of sensor would enab le the measurement of the mi nute change of temperatu re 
ex perie nced by the pulleys or belts to dete rmine their condition . A program developed 
under CVI2 achieved the synchroni zed data acq ui sition from all of these sensors. 
1 Program developed and compiled by Dr A . AI-Habaibeh 
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Figure 162: Data acquisition unit for sensor fusion : (a) outside view; (b) inside view 
A thermal camera was already installed, by two other researchers, with the aun of 
monitoring the area of the LSM circled in Figure 163-(a). The area of the machine can also 
been seen in Figure 163-(b). 
Figure 163: (a) plan of a LSM with the section to be monitored circled in red; (b) view of the section to 
be monitored 
This thermal camera was installed below the supporting base-plate supporting all the 
elements seen in thjs picture. Hence it was decided to install the tie-clip microphones 
presented earlier to monitor the same area. As di scussed earlier, an accelerometer and a 
boundary microphone were also installed. Belt-monitoring sensors installed by another 
researcher for hi s needs were al 0 included. Hence vibroacoustic, thermal and belt-
monitoring-sensor data could be correlated to retrieve information not avai lable with only 
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one type of sensor. The microphones were installed in drilled holes of pre-existing 
trunkens below the base-plate as seen in Figure I 64-(a) so that the area where the mail is 
travelling to be processed above the base-plate (Figure 164-(b)) would be left free of 
additional sensors_ It can be seen in Figure I 64-(a) and Figure 164-(b) that it was intended 
to monitor seven rotating mechanical elements including six pulleys and one motor. 
+-
40l:m 
f\ 1 icrophonc , , 
-- -- . - . - 30 ~,~ . - . - . - . - . ~l 
~1 icrophunc 3 
Figure 164: Implementation of the tie-clip microphones inside a LSM to monitor six pulleys and one 
motor: (a) bottom view; (b) top view 
Hence the acquisition unit was connected to a PCI National Lnstrument acq uisition board 
via a connector block_ Then the data acquisition process was left unattended while the 
LSM was processing mail. It was predicted by an experienced maintenance engineer that 
pulley I was likely to fail very soon according to the noise emitted by the LSM in thi s 
area_ It was also said that this particular pulley could be heard for a while thus enabling the 
progress of damage for this pulley to be followed . Such a practice shows that the heari ng 
sense is widely used to assess the condition of the pulleys and predict their moment of 
failure. During the unattended acquisition, the system was set to acquire 2 seconds worth 
of data at a sampling rate of 50,000 samples per second every 10 minutes. When collecting 
the acquired data for that ftrst day a maintenance engineer indicated that pulley I fai led 
nearly 30 minutes after the acquisition was started. Pulley 4 had also to be changed 
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because it was noticed that it e mitted important noise once pul ley I was removed. This 
was due to the fact that pulley I was emitting so much noise before replacement that 
pull ey 4 could not be heard properly. When assess ing the data, it was seen that two 
acq ui sitions had taken place before the rep lacement of pulley I. The rest o f the subsequent 
useful data acquired on that day were re lated to when both of the pu lleys had been 
rep laced. 
Fol lowing thi s information , it was expected that the triangulation algorithm would be 
use fu l to locate the most damaged pull ey I before its failure hence showing a condition 
assessment capability equal to a trained human maintenance engineer. However if pu lley 4 
could also be located before its failure then the system would outperform the human 
capability. 
5.6.2 Location countings 
To assess the location capability of the a lgorithm on a qualitative way In an unknown 
envi ronme nt, graphs showing the predicted location of the loudest source by the 
tri angul ation algorithm had to be used. These graphs would disp lay the counting for each 
pred icted location hence retriev ing the most located pulley if any. The parameters used in 
the triangulati on algorithm were the optimum ones determined previously. The NN in the 
triangu lation algorithm was trai ned using the theoretica l Pythagoras calculati on because it 
was difficul t to obtain approval to measure experi mentall y the differences of arriva l time 
in an LSM. The error of localisation for thi s type of train ing data was shown not to exceed 
the value of a pulley diameter in previou s chapters thus bei ng considered as acceptab le. 
Hence the tri angulation algorithm was tested at cut-off frequencies between I kH z and 20 
kHz and the predicted location countings are displayed in the graphs from Figure 165 to 
Figure 184. The real locati on fo r each pu lley is represented by a red circle . The graphs on 
the left side (a) represent the data before any pulley failu re and the right side (b) afte r 
pu ll eys I and 4 were replaced thus showi ng the difference created when these damaged 
pul leys are removed. 
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Figure 165: Counting of the triangulation a lgorithm 's location output with a high-pass filter (cut-off 
frequency a t I kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I a nd 4 
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Figure 166: Counting of the triangulation a lgorithm ' s location output with a high-pass filter (cut-off 
freq uency at 2 kHz): (a) before cha ngi ng pulleys I and 4; (b) a fter changing pullcys I and 4 
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Figure 167: Counting of the triangula tion a lgorithm ' s loca tion output with a high-pass filter (cut-off 
frequency at 3 kHz): (a) before changing pulleys I and 4; (b) a fter changing pulleys I and 4 
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Figure 168: Counting of the triangulation algorithm 's location output with a high-pass roUer (cut-off 
frequency a t 4 kHz): <a) before changing pulleys I and 4; (b) a ft er changing pulleys I and 4 
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Figure 169: Counting of the triangulation algorithm ' s location output wilh a high-pass filler (cut-off 
frequency al 5 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 170: Counting of the triangulation a lgorithm 's location output with a high-pass fil ter (cut-off 
frequency at 6 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 171: Counting of the triangulation algorithm 's location output with a high-pass filter (cut-off 
frequency at 7 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 172: Counting of the triangulation algorithm 's location output with a high-pass filtcr (cut-off 
frequency at 8 kHz): (a) before cha nging pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 173: Counting of the triangulation algorithm's location output with a high-pass filter (cut-off 
freq uency at 9 kHz): (a) before changing pulleys I and 4; (b) a fter changing pulleys I and 4 
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f igure 174: Counting of the triangulation algorithm 's location output with a high-pass filter (cut-off 
freq uency at 10 kHz): (a) before changing pulleys 1 and 4; (b) after changing pulleys 1 and 4 
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Figure 175: Counting ofth . triangulation a lgorithm 's location output with a high-pass filter (cut-off 
frequency at 11 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 176: Counting of thc triangula tion a lgori thm ' s location output with a high-pass filtcr (cut-off 
freq uency a t 12 kHz): (a) before changing pulleys I and 4; (b) after cha nging pulleys I and 4 
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Figure 177: Counting of the triangulat ion a lgorithm ' s location output with a high-pass filter (cut-off 
frequency at 13 kHz): (a) before changing pulleys I and 4; (b) a fter changing pulleys I and 4 
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Figure 178: Counting of the triangulation algo rithm 's location output with a high-pass filte r (cut-off 
frequency at 14 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 179: Counting of the triangulation a lgo rithm 's location output with a high-pass filter (cut-off 
freq uency a t 15 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 180: Counting of the triangulation a lgorithm' s location output with a high-pa ss filter (cut-off 
freq uency at 16 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 18 1: Counling of the triangulation a lgorithm 's location output wilh a high-pass filter (cut-off 
frequency al 17 kHz): (a) before changing pulleys 1 and 4; (b) after changing pulleys 1 and 4 
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Figure 182: Counting of the triangulation algorithm 's location output with a high-pass filt er (cut-off 
frequency at 18 kHz): (a) before changing pulleys I and 4; (b) a fter changing pulleys t and 4 
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Figure 183: Counting of the triangulation algorithm 's location output with a high-pass filter (cut-off 
frequency at 19 kHz): (a) before changing pulleys I and 4; (b) after changing pulleys I and 4 
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Figure 184: Counting of the triangulation algorithm's location output with a high-pass filter (cut-off 
frequency at 20 kHz): (a) before changing pulleys 1 and 4; (b) after changing pulleys 1 and 4 
An important activity of pulley I (and its surrounding area) seen before its replacement 
and di sappearing after replacement but with low activity for the other pulleys considered 
healthy can be seen especially at the following cut-off frequencies: 2 kH z (Figure 166), 3 
kl-lz (Figure 167), 4 kHz (Figure 168), 5 kl-lz (Figure 169), 6 kl-lz (Figure 170), 7 kl-lz 
(Figure 171) and 8 kl-lz (Figure 172). For this particular pulley I, the area to be included as 
part of the pulley can be increased to include more activity since it is clearly located 
further from the other pulleys and motor. A large amount of activity appears at the location 
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(x = 15 cm; y = 20 cm) from a cut-off freque ncy of 12 kHz to 20 kH z when the two 
da maged pulleys have been replaced whereas thi s location shows high acti vity between 17 
kl-l z and 20 kHz before any damaged pulley repl acement. Thi s pos ition in the monitored 
area was included as part of pulley 4 but the acti vity at thi s point does not seem to 
correspond to the condition of pulley 4 . This po int appears to be placed at the prec ise 
centre of the graph corresponding to an equal di stance between the three microphones thus 
giving two differences of arri val time equal to the value 0 seconds or of 0 samples of lag. 
Thi s phenomenon was noti ced rather frequentl y during every tes ting of the triangulati on 
algorithm with different microphone arrangements. Hence the hi gh acti vity at thi s point 
should not be regarded as corresponding to a damaged pulley but rather to a general 
assess me nt that all the pulleys have a similar condition (so should be considered as hea lthy 
si nce it is very unlike ly that all the pulleys happen to be in damaged condi tion) if th is point 
shows hi gh acti vity for a larger amount of cut-off frequencies . These kinds of results 
sugges t that the developed algorithm is robust enough to cope with echoes occurring in 
such an e nclosed situation and with loud industrial noise. Using the prev ious graphs, an 
algorithm was deve loped to sum up all the countings for each area to have a quantitati ve 
idea of the acti vity for each of the pulleys and motor. Hence Figure 185 represents the 
summing up fo r each area acti vity, at different cut-off frequenc ies, for the data collected 
be fore the repl acement of any pulley. This graph can then be compared with Figure 186 
which is for the data collected after the repl aceme nt of pulleys I and 4. In these graphs, the 
ac ti vity at the centre point was ignored. 
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Figure 185: Counting of proper location for each mechanical element a t differenl cut-off frequencies 
(kHz) before replacement of damaged pulleys I and 4 
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Figure 186: Counting of proper location for cach mechanical element at different cut-off frequencies 
(kHz) after replacement of da maged pulleys I and 4 
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11 can be seen that after replacement of the damaged pulley I, the activity in pulley I 's area 
is greatly reduced mainly between the cut-off frequencies 2 kHz and 12 kHz. Pulley 4 's 
activity was also reduced mainly between cut-off frequenc ies of 17 kHz and 20 kHz. The 
activity of pulley 6 increased tremendously after the replacement of the damaged pulleys 
(mainly between 3 kHz and 14 kHz); such a phenomenon could be attributed to normal 
high acti vity, that was hidden by greater activity of pulleys I and 4, o r that this pulley is 
already in a damaged state. To confirm thi s latest assumption the activi ty should however 
be closely followed over a longer period (several weeks) to see the progression of the 
acti vi ty. Also a constant high activity for the motor 7 can be seen in nearly all the cut-off 
freq uencies irrespective of the condition of pulley 1 and 4 and thi s should be partially 
down to the diameter of the motor which is much larger than the diameter of the pulleys. 
However, the activity of the motor is of no interest in thi s study. The activity at the centre 
point that was ignored previously is then displayed in Figure 187 (before pulleys 1 and 4 
were changed) and in Figure 188 (after pulleys 1 and 4 were changed) . 
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Figure 187: Counting at the central position for different cut-off frequencies (kHz) before replacement 
of pulleys I and 4 
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Figure 188: Counting at the central position for different cut-off frequencies (kHz) after replacement 
of pu lleys I and 4 
From Figure 187 and Figure 188, it can be seen that the acti vi ty at the centre point 
dramatically increased at all the cut-off freq uencies between 10 kl-Iz and 20 kl-Iz. This 
phenomenon can be understood by the fact that all of the rotating elements exhibit similar 
acti vity thus the cross-correlation calculation within the triangulation algorithm will not be 
sensitive enough to pick up a dominant signature. From this result it can be concluded that 
acoustic data could indicate the overall condition o f the monitored area since it was 
possible to determine when all the rotating elements were exhibiting a similar level of 
acti vity. It thus showed when the system was in a stable condition, hence no maintenance 
action would be required. To confirm the fmdings it was then decided to test the developed 
algorithm with all the data co llected on the fi rst day of acquisition. That would enable the 
search fo r trends in the time domain and witness the evolution of a defective element. The 
algorithm would be tested with the cut-off frequencies that were the most u e ful fo r 
retrieving the information on the condition of each damaged pulley. The condition of the 
damaged pulley I could be retTieved using mainly the cut-off frequencies between 4 kHz 
and 7 kHz and pulley 4' s condition was mostly fo und between 17 kHz and 20 kHz. Figure 
189 to Figure 196 show the countings at the four lowest cut-off frequencies fo r every 
rotating element and fo r the centre position whereas Figure 197 to Figure 204 give the 
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cowltings for the four highest cut-off frequencies_ A relative time was used as the x-axis 
scale because only the data that was collected while the LSM was rwming was taken into 
account. 
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Figure t89: Countings of correct localization of pulley I on the first day of data acq uisition at cut-off 
frequencies between 4 kHz and 7 kHz 
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Figure 190: Countings of correct loca lization of pulley 2 on the first day of data acquisition at cut-off 
freq uencies between 4 kHz and 7 kHz 
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Figure 191: Countings of correct loca lization of pulley 3 on the fi rst day of data acq uisi tion at cut-off 
frequencies between 4 kHz a nd 7 kHz 
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Figure 192: Countings of correct loca lization of pulley 4 on the first day of data acquisition at cut-off 
frequencie s between 4 kHz and 7 kHz 
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Figure 193: Countings of correct loca lization of pulley 5 on the first day of data acquisi tion at cut-off 
frequencies between 4 kHz and 7 kHz 
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Figure 194: Countings of correct localization of pulley 6 on the first day of data acquisition at cut-off 
frequencies between 4 kHz and 7 kHz 
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Figure 195: Countings of correct localization of motor 7 on the first day of data acquisition at cut-off 
frequencies between 4 kHz and 7 kHz 
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Figure 196: Countings at the centre position on the first day of data acquisition at cut-off frequencies 
between 4 kHz and 7 kHz 
Ln Figure 189, pulley 1 was showing high acti vity before it was replaced and especially at 
the cut-off frequency of 7 kHz where the two sets of data co llected for a damaged pulley 1 
were above twenty countings. After the replacement of pulley I, the counlings were 
dramatically reduced. For pulleys 2 to 4, the countings were always below ten without any 
trend appearing. Pulleys 5 to 7 showed a major increase in countings after pulley I was 
replaced probably due to the ract that the damaged pulley 1 signature was masking the 
other signatures. The activity at the centre point was always below three for the four low 
cut-off frequencies and since there was no particular trend, the expected information of the 
condition in lbe monitored area could not be retrieved. The historical acoustic countings at 
the cut-off frequencies between 17 kHz and 20 kHz are shown in Figure 197 to Figure 
204. 
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Figure 198: Countings of correct localization of pulley 2 on the first day of da ta acquisition at cut-off 
frequencies between 17 kHz a nd 20 kHz 
289 
5 SIM ULTANEOUS CONDITION MONITORING OF SEVERAL ROLLING-ELEMENT BEARINGS 
A cost-effective approach to the condition monitoring of multiple rolling-element bearings 
Ol) 
c 
-§ 
0 
U 
50 minutes 
---------. 
.. Replaced pulle)s 1 and 4 
,., 
,., 
, 
L5 
0.' 
o'-~_.l--! I 
10 IS 
Relative time 
17kHz 
.. .... 
...... 
,. .... 
--'-25 
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Figure 202: Countings of correct loca lization of pu lley 6 on the first day of data acquisition at cut-off 
freq "encies between 17 kHz and 20 kHz 
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Figure 203: Countings of correct loca lization of pulley 7 on the first day of data acq uisition at cut-off 
freq uencies between 17 kHz and 20 kHz 
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Figure 204: Countings at the centre positio n on the fi rst day of data acquisition a t cut-off freq uencies 
between 17 kHz and 20 kHz 
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The countings history for pulley 4 at the highest cut-off frequenc ies (Figure 200) shows an 
important decrease starting from the second acq ui si tion after this pu lley was replaced 
(fourth point on the relative time scale) especially for a cut-off freq uency of 20 kHz. The 
activity at this pulley's posi tion did not decrease just after the pulley was replaced but a 
short runn ing time should be allowed for the brand new pu lley to settl e. 
The countings fo r pu lleys I , 2, 3 and 7 (Figure 197, Figure 198, Figure 199 and Figure 
203) all remained below seven without ever showing any trend. Pulley 5 (Figure 20 I) 
showed relative high counting but no trend could be seen since peaks appear regularly. 
Pulley 6 could also be considered as showing low activity especially at 20 kHz. The 
activity at the centre point in Figure 204 is also very useful because the acti vity at this 
po in t increases tremendously just after pu lleys I and 4 were replaced thus showing that the 
monitored system returned to its stable condit ion where all the pulleys emit low acoustic 
stress waves. 
Consequently from Figure 189 to Figure 204 it could be seen that two damaged pUlleys 
rotating simultaneously running alongs ide four healthy pu lleys and one motor could be 
assessed successfully by selecting a high-pass filter as shown in the algorithm in Figure 
157 and by fi ltering the data at two differen t cut-off frequencies of7 kHz and 20 kHz_ The 
countings at the centre point for a 20 kHz cut-off frequency (Figure 204) indicated when 
the most damaged pulleys were replaced and that the monitored area had been maintained 
properly. 
5.6.3 Stati stical measurements 
In assoc iat ion with the countings, a stati stical analysis will be implemented using the 
windowed data in the condition-monitoring algorithm to assist in the diagnosis of the 
condition of each pulley and motor. 
Seven stati stical parameters were chosen from those di scussed in the sub-chapter "2.6.5.8 
Statistical analysis": 
I. kurtosis; 
2. skewness; 
3. standard deviation ; 
4. peak; 
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5. crest factor; 
6. impulse factor ; and 
7. shape factor. 
The final condition-monitoring algorithm is shown in Figure 205 . In thi s a lgorithm , it can 
be seen that seven stati stica l parameters were applied to each of the windowed 
microphones' s ignal output. Then the results of the stati stical calcul ati on from the three 
channe ls were averaged with a "Mean" functi on used in Matlab to obtain a stati stical value 
rep resentati ve of the three channels for the wi ndow selected. Then the averaged stati stical 
value was related to the pu lley se lected by the comparator in the count ing section of the 
algorithm or put aside if the comparator selected no pulley. Once the window function had 
covered the whole length of the signal s, a cumulative sum was computed for each pulley 
and motor. 
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Figure 20S: Addition ora statistical analysis in the condition-monitoring a lgorithm 
T he cwnulative sums of the averaged statisti cal values were then normalized between - I 
and + I so that it was easier to compare the trends given out by each statistica l parameter. 
The normali zed results for each pulley, motor and centre position at a cut-off freq uency of 
7 kl-lz are displayed in Figure 206 to Figure 2 13. 
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In Figure 206 for pulley I , the four statisti cal parameters that follow the known condition 
(in bold) are: 
I. kurlosis; 
2. standard deviation; 
3. peak; and 
4. crest factor, 
with better performances reali sed by the peak and crest factor parameters. 
For pulley 2 (Figure 207) two peaks can be seen before and after replacement of pulleys I 
and 4 (for the parameters in bold), however these peaks are unsteady so they do not 
represent a particular pattern that can be used to assess the condition of pulley 2. 
For pulley 3 to motor 7 and the centre position (Figure 208 to Figure 213) saw-tooth 
patterns occur. Again these unsteady patterns do not relate to any known condition. 
Then the statistical parameters were calculated for a cut-off frequency of 20 kHz of all the 
pulleys, motor and centre position at Figure 2 14 to Figure 221. 
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Figure 214: Statist ical values obtained for a cut-off frequency of20 kHz for the activity of pulley I 
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Figure 221 : Statistical values obtained for a cut-off frequency of20 kHz for the activity of the centre 
position 
For pulleys I to 3 (Figure 214 to Figure 2 16) at a 20 k.Hz cut-off frequency, none of the 
statistical parameters shows a steady pattern. 
For pulley 4 (Figure 2 17) the standard deviation and peak parameters are the only two 
parameters that follow the condition of the pulley by dropping dramatically after pulley 4 
was replaced and stays at a low value thereafter. 
For pulley 5 (Figure 2 18) the tTend of the standard deviation and peak parameters could be 
misleading since it could be believed that pulley 5 was changed although the graph looks 
less clear than for pulley 4. However by considering the four parameters kurtosis, standard 
deviation, peak and crest factor parameters as a whole one can consider that pulley 5 
shows activity throughout. 
For pulley 6 and motor 7 (Figure 219 and Figure 220) a large amount of highs and lows 
can be seen and no clear pattern can be extracted. 
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Finally the kUrlos is, standard deviation , peak and crest factors fo r the centre pos it ion 
(Figure 22 1) show a tremendous increase just after pulleys I and 4 were replaced. Thi s 
shows that these four statistical parameters can indicate when all the mechanical elements 
show low activ ity and are in good condition. 
5.7 Conclusion 
In thi s chapter, it was first demonstrated that a damaged pulley could be retrieved , even 
when three other healthy pulleys are rotating alongs ide. This first seri es of tests was 
undertaken on a test ri g in a workshop environ ment. A triangulation algori thm was 
deve loped and tested wi th data recorded in thi s environment. The algo rithm was then 
tested, by implementing a high-pass filter sequential ly at two stages of the data process ing, 
to select the most effic ient algorithm arrangeme nt (selected as the algorithm presented in 
Figure 157 and the setting parameters No. I I in Table 21). It was shown that some cut-off 
frequencies enable the more frequent locat ion of a damaged pulley whether thi s one IS 
alone or rotating alongs ide one, two or three other healthy pulleys. 
The most effic ient algori thm was then tested on data co llected fro m an enc losed Letter 
Sorting Machine in an industrial envi ronment. In this case, seven mechanical e lements 
rotated in the monitored area: six pulleys and one motor. It was shown that it is poss ible to 
determine when two damaged pulleys are abou t to fa il and when the pul leys that needed to 
be rep laced had been removed by measuring the act ivity, or counti ng, of each pulley or 
motor, and by using three low-cos t ti e-cl ip microphones. The algorithm was then tested 
wi th all the data reco rded on the first day of acqui sition to check the consistency of the 
prev ious results and search for time-patterns for building histori cal evo luti on of damage in 
pu ll eys and motor. The condition-monitoring algorithm showing the ac ti vity of each pulley 
and motor (s ix pulleys and one motor) could retrieve when two pulleys were 
simultaneously about to fail. When considering stat istical analys is it was shown that the 
condition of the most damaged pulley (pulley I) could be retrieved and its evolution 
fo llowed. However when the condi ti on of the second damaged pulley (pu lley 4) cou ld be 
ret rieved, it was shown that another healthy pulley (pulley 5) cou ld be mislead ingly 
considered as damaged if several statistical parameters were not taken into considerati on 
simultaneous ly. It might also be poss ible to avoid thi s issue by cons idering both the 
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counting capability and the four stati stical parameters considered as success ful in thi s 
chapter (kurtosis, standard deviation , peak and crest factor). The counting and stati stical 
algorithms could also confirm that, after the replacement of the two damaged pulleys, the 
right maintenance action had been performed and all the pulleys were then emi tting 
acceptab le levels of no ise. Finall y, it should be said that the data was co llected wi th a 
speciall y designed un it involving different sensor technolog ies such as acoustic belt 
sensors, accelerometer, boundary microphone, optical counters for the belt veloc ity 
measurement and thermal camera. This wou ld enable to obtain a sensor fusion unit using 
redundant sensors for a more robust condition-mon itori ng unit. The aim would be to fu se 
the d ifferent types of data to obtain furthe r in formation on the monitored LSM. All of 
these represent a novelty since in the literature search carried out in the subject, no method 
was found to mon itor more pulleys, hence more ro lling-eleme nt bearings, than sensors 
used. Consequently monitoring seven pulleys wi th three low-cos t tie-c lip microphones, in 
an industri al and enc losed enviro nme nt, represents an important contribution to 
knowledge. This is also the case concern ing the effort to integrate different sensor 
techno logies towards the goal of intelligent sensor fu sion for condition monitoring of 
ro lling-element bearings. 
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Chapter 6 
6 DISCUSSION 
A test-rig was firs t designed so that experiments to moni tor a single pulley could be 
started. The Fact that a test-rig was used instead of a LSM fo r the experime nts imposed 
some li mitati ons. Firstl y, the exact bul ky shape of the real machine could not be replicated ; 
moreover, the mate ria l used by the machine's manufacturer was not available. These 
limitations wou ld have had a direct effect on the propagation of the monitored pulley 's 
stress wave. When the project was started it was proposed to use Holroyd 's Acoustic 
Emiss ion sensors to co ll ect the high-frequency signatures of the pulleys that are 
propagating in the aluminium base plate of the machine main ly because RM had already 
purchased a large nu mber of these sensors however RM engineers have found this lype of 
sensor un reliable ([4]). From the lite rature rev iew, it was seen that thi s kind of sensing 
technique, however effective for monitoring single groups of mechanical e lements such as 
pump grou ps, had some major drawbacks fo r monitoring complex machines such as LSMs 
that use hundreds of ro ll ing-element bearings in relati vely small areas: 
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I . High attenuation wou ld occur at different sections of the machine due to 
partit ion ing of the base plate (the interface a luminium/air at every boundary means c hange 
of acoustic impedance thus reflection and attenuation ); 
2. The metallic di scs inserted in the aluminium base plate used to hold the magnetic 
AE sensors meant that some misreading was likely to occur if these di scs were not 
thoroughl y cleaned and covered with a coat of couplant of optimum thickness. Thi s is an 
issue s ince: 
- Real LSMs are constantly functioning in a dusty environment ; 
- Different maintenance agen ts would have a diffe rent effic iency in achieving the 
perfect set of acti ons required to obtain a reading from the sensor; and 
- Hav ing a fixed position of the discs meant that it wou ld not be poss ible to 
di splace the monitoring sensors if requ ired; and 
3. The complex ity and variety of modal waves propagating in thin mate ri al such as in 
the base plate meant that it wou ld be more efficient to use ai r-borne sensors because air 
can onl y support the propagation of compress ional vibroacoustic waves. Also the stress 
wave emi tted by the monitored pulley would reach such a sensor directly without meeting 
attenuati ng interfaces . 
Because of these reasons, AE moni toring and vibration moni toring (acce lerometer) were 
discarded (only for the stage concernin g the development of an efficient monitoring 
method). Different types of air-borne sensors would have been ava il ab le such as 
professional ultrasonic and acoustic microphones, however low-cost ti e-c lip microphones 
were likely to give enough in fo rmation fro m the pulley 's signature co llected if using 
efficient e nough digital s ignal process ing. This wou ld enable a s ignificant reducti on in the 
runnin g costs for imple menting sensors on many LSMs scattered throughout all the RM 
sorting centres in UK. Hence tests were started with low-cost sensors whic h cou ld be 
placed at optimum positions arou nd the mo nitored pulley wi thout interferin g with the 
movements of a person working on the machine. 
The first series of tests as ex pl ained in Chapter 5 involved the Llse of a Dictaphone to 
simul ate a pull ey emitting a stress wave. Hence the pulley, whose rotati on is obtained by 
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two ro lling-element bearings, was considered as an acoustic source, or as a bl ac k box , 
rather than considering the emiss ion of each e lement within the pu ll ey. Indeed reducing 
the assembly down to its ind iv is ible e lements would have necess itated an intensive 
know ledge of various parameters such as element dimension , mate rial , object interaction, 
geometry, velocity, etc. and thus would have complicated the task if one wants to obtain a 
simple monitoring system flexible e nough to adapt to various machine assemblies and 
environments and to be used by non-skilled personnel. In Chapter 5, a tri angulation 
algorithm was successfull y developed to locate the acousti c source with three low-cost 
microphones. The effects of different parameters that may influence the efficiency were 
considered; these included the di stance separating each sensor, the distance from the 
sensors to the moni tored acousti c source whether being placed inside the area bounded by 
the microphones or outside, the ambient temperature and the digitalisat ion of the acoustic 
signatures. The e ffects of these parameters were checked with a model of the differences 
of arri val time. Three models were used which involved the theoret ical OATs calcul ated 
wi th the Pythagoras ca lcu lation, the experimental OATs measurement when the test ri g 
was e mpty and was charged with a pu ll ey and a leading belt. The results obtained by a 
feed-forward neural netwo rk trained wi th these different OAT models were cOmpared and 
it was finall y concluded that the charged experimen tal model gave the best result wi th an 
error of locali zation between the real and estimated source location estimated at 1.62 cm 
which is less than the diameter of a pulley. It should be also noted that the other models 
used to train the NN were also having a locali zation error lower than the diamete r of a 
pu lley so that they could be used for the locali zati on of the acoustic and still being 
considered as satisfactory. These latest results led to an increase in the confidence that 
three low-cost microphones could be success fully used to monitor at leas t one pulley in a 
phys ical environment. 
In the next chapter, Chapter 6, the acoustic signature of a pulley generated by a 
Oictaphone was played at four different locations within the monitored area and the three 
microphones recorded the signature for each pos ition. Then the amplitude of one of the 
four signatures was sequentiall y increased, in the digital domain , to define the threshold of 
difference of acoustic loudness, between the signature conside red and the other ones, that 
was required to locate the loudest aco usti c source. This was tested with two , three and four 
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s ignatures to prove that a significantl y louder s ignature, such as the one from a damaged 
pulley, could be located amongst other healthy pulleys or noisy environment. 
In the last of the three chapters based on experiments, Chapter 7, the developed algori thm 
was then tested on the test-rig by using four pulleys typicall y rotat ing in LSMs. Tests were 
done by comparing first the data recorded from a healthy pulley to the one from a damaged 
one then healthy pulleys were added one by one until having four pu ll eys on the test-ri g. 
Hence o ne could determine if a damaged pulley could be retrieved with an increasing 
number of healthy pull eys. It was shown effect ively that a damaged pulley could be 
retrieved in a set of four pulleys, by only using three low-cost sensors and thus 
representing a major novelty on related li terature. Also, it should be said that no precaution 
was taken to insulate the monitored area from the belt powering motor's noise and from 
the surrounding workshop noi se hence the monitoring algorithm was proven to be robust 
enough [0 withstand a relat ive ly large amount of noise (five sources of noise: three healthy 
pu ll eys, one motor and the environmental noi se) and still be ab le to detect a damaged 
pulley. In thi s Chapter 7, the triangu lati on algorithm was used sequentially in small 
windows of the signals co llected by the three microphones and a counter was incremented 
each time the algorithm was locating properly the damaged pulley. As a resul t a 
di stribution was obtai ned, hence the hi gher the counting the more damaged the pulley 
could be considered. A high-pass filter was then implemented within the condition-
monitoring algorithm to process the windowed data so that the counting performance was 
improved. 
Following the experimentation using the pulleys installed in the test-rig, the cond ition-
monitoring algorithm was then tested fo r the monitoring of six pu lleys and one moto r in a 
secti on of an LSM in an industrial and enclosed environment. To do so, a data acquisition 
unit was spec ifically designed so that a seri es of different types of sensors could be 
implemented and the acquisition of the data collected by each of these sensors cou ld be 
synchronized for correlating the information gai ned by the use of each sensor in further 
work. Hence the data from three tie-clip microphones could be collected. The microphones 
were installed in holes drilled on the lids of two trunkens ru nning inside the LSM so that 
these sensors were forming a triangle around the rotating mechanical elements to be 
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mo nitored. Ten seconds of data was then recorded every ten minutes o n the day the 
acq ui si tion unit was installed . Thirty minute after starting the acqui sition the machine was 
stopped because the maintenance e ng ineers found out that two pulleys were too damaged. 
After their replacement, the machine was started again . Hence data was avail able before 
and after the pulleys' replacement. It was the n poss ible to look for differences and 
determine if the condition-monitoring algorithm could give countings for each pu ll ey and 
the motor that would be proportional to the condition of each o f these elements. It was 
shown that the two damaged pulleys showed high countings at d iffe rent cut-off 
frequencies be fore being replaced the n the countings for these dramati call y decreased afte r 
replacement. This result was also confirmed when process ing all the data collected on that 
day and the counting stayed consistent with the assessment given by the mainte nance 
engineers fo r that LSM . It was also shown that the counting fo r the centre positio n 
(equidistant fro m the three micropho nes ins ide the monitored area) indicated an acti vity 
in versely proportional to the general condition of the machine, i.e. whe n two damaged 
pU ll eys were present in the LSM , the counting was low then whe n the pulleys were 
changed the countings went dramati cally higher. Keeping a hi gh counting for thi s position 
would mean that all the pUlleys are in good condition so that the life of the machine could 
be ex tended . For the same data, seven stati stica l parameters were used to compare with 
result obtained with the countings . Fo r the most damaged pulley I , the result of four of the 
stat isti cal parameters was consistent with the counting result. For the second damaged 
pulley 4 the stati stical result for two parameters was also cons istent with the counting 
resul t. However the hea lthy pull ey 5 was misinterpreted as be ing damaged and be ing 
repl aced at the same time as the two other damaged pulleys. Hence the s tati stical analysis 
could be considered as less success ful for earlier pU ll eys damage but the association of the 
counting and stati stical analysis could pote ntially improve the di agnos is capabi lity of the 
condition-monitoring algorithm. 
It should be said however that the centre point was positioned whe re o ne of the pulleys 
was located. To improve the performance o f the counting fo r thi s pulley and fo r the centre 
poi nt, an overl apping situati on should be avo ided in future imple mentation. Hence the 
microphones should be placed at s li ghtl y different di stances from each other th an those 
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used in Chapter 7. However, care should be taken that the monitored area sti ll includes al l 
the pulleys to be checked. 
FinaJly , one of the nice features of the presented condition-monitoring algorithm is that it 
can be easi ly set to monitor more pull eys since one would only have to give the position of 
each ne w pulley to the algorithm and implement a counter for thi s position. Consequentl y 
a cost-effec ti ve, robust, simple and flexible pulley condition-monitoring algorithm was 
described in thi s thesis. 
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Chapter 7 
7 CONCLUSION 
7.1 Introduction 
It was seen in Chapter 2 that the main goal of this project is to monitor a large number of 
rolling-element bearings rotating inside an LSM that is itself functi oning in an industria l 
environment. It was also said that the number of sensing elements should be kept minimal. 
7.2 Monitor more rolling-element bearings 
It was indicated in Chapter 2 that no method able to monitor more rolling-element bearings 
than the number of sensors used could be found in the literature search. In thi s thesis, it 
was demonstrated that using three microphones it was poss ible to locate a damaged pulley, 
or more precisely a damaged rolling-element bearing inside a pulley, amongst three 
healthy pulleys on a test-rig and in a workshop environment. Hence thi s improved the ratio 
of ro lling-element bearing/sensors to 4/3 consequently exceeding the capabili ty o f the 
methods fo und in the literature review. Then the micropbones were installed inside an 
LSM to monitor six pulleys and a motor, then the developed condition-monitoring 
algorithm was able to retrieve two damaged pulleys even though one of those could not be 
picked up by any maintenance engineer because the most damaged pulley was too loud for 
the other damaged pulley to be heard by a human operator. Hence, when the ratio of 
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rolling-element bearings/sensors was increased to 6/3 (or 7/3 if one considers the motor), 
the developed algorithm exceeded the human auditory capabi lity even though the 
monitored area was enclosed and in an industrial environment (ex istence of echoes and 
important surrounding noise) . 
7.3 Develop a more robust m ethod to identify and separate similar sources 
The condition-monitoring algorithm presented in this thesis was developed so that the type 
of rolling-element bearings installed inside the monitored area would not influence the 
results given out by the algorithm since the algorithm tries to locate the loudest rolling-
element bearing. The algorithm was also shown to be robust enough because the most 
damaged pulleys could be retrieved both on the test-rig in a workshop environment and in 
an LSM in an industrial environment: it was observed that the most damaged pulley was 
properl y located on the test ri g with the loud sound of a compressor located 15 metres 
away and in a mail processing machine in a busy sorting centre where music is constantly 
played in the background. It should be however pointed out that the system has not been 
tested wi th constant high level of noise hence the robustness of the algorithm in such 
adverse condition needs to be investigated in further work. The developed condition-
monitoring algorithm appeared to be very fl exible because from four pulleys that were 
monitored on the test-rig, one could then monitor seven rotating mechanical elements just 
by add ing a counter for the positions where the extra elements are located . 
7.4 Find a mo re affordable method 
The data used by the condition-monitoring algorithm was acquired by using three low-cost 
tie-cl ip microphones. From Figure 62 in Chapter 2, it could be seen that the savings 
generated by using thi s type of sensor, instead of AE and vibration sensors, could be of the 
order of 1000 times. The costs also included the price of the acquisition hardware. Using 
non-contact sensors also means a safer way of acquiring data and the possibility of 
increasing the monitored area without having to increase the number of sensors. 
7.5 Summary of contributions 
As a summary thi s thesis provides a contribution to knowledge in the following areas: 
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the other damaged pulley to be heard by a human operator. H ence, when the ratio of 
rolling-element bearings/sensors was increased to 6/3 (or 7/3 if one considers the motor), 
the developed algorithm exceeded the human auditory capabi lity even though the 
monitored area was enc losed and in an industrial envi ronment (ex istence of echoes and 
important surrounding noise). 
7.3 Develop a more robust method to identify and separate similar sources 
The condition-monitoring algorithm presented in this thes is was developed so that the type 
of ro lling-e lement bearings installed inside the monitored area would not influence the 
results g iven out by the algorithm s ince the algori thm tries to locate the loudest rol ling-
elemen t bearing. The algorithm was also shown to be robust enough because the most 
damaged pu lleys could be retrieved both on the test-rig in a workshop environment and in 
an LSM in an industrial environment: it was observed that the most damaged pulley was 
properl y located on the test ri g wi th the loud sound of a compressor located 15 metres 
away and in a mail process ing machine in a busy sorting centre where music is constantl y 
played in the background. It should be however pointed out that the system has not been 
tested w ith constant high level of noise hence the robustness of the a lgorithm in such 
adverse condition needs to be investi gated in further work. The deve loped cond ition-
monitoring algorithm appeared to be very fl ex ible because from fo ur pu ll eys th at were 
monitored on the test-rig, one cou ld then monitor seven rotating mechan ical elements j ust 
by add ing a counter for the pos itions where the extra elements are located. 
7.4 Find a more affordable method 
The clata used by the condition-monitoring algorithm was acquired by us ing three low-cost 
ti e-cl ip microphones. From Figure 62 in Chapter 3, it could be seen that the sav ings 
generated by using this type of sensor, instead of AE and vibration sensors, could be of the 
order o f 1000 times. The costs also included the price of the acqui sition hardware. Us ing 
non-contact sensors also means a safer way of acquiring data and the possibility of 
increas in g the monitored area without having to increase the num ber of sensors. 
7.5 Summary of contributions 
As a summary this thesis provides a contribution to knowledge in the fo ll ow ing areas: 
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I. a system able to mon itor simultaneously six pulleys and one motor, containing 
several rolling-element bearin gs, was developed and is successful on an industria l site; 
2. low cost microphones were used and hence enabling the use in industry, and 
3. a new data and sensor fusion arran gement has been developed in associati on with 
other researchers . 
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8 FURTHER WORK 
8_1 Tests using various types of sensing technology 
As explained in previous chapters acoustic microphones were more app ropriate because of 
the presence in the stress waves monitored of compressional modes onl y, higher stress 
waves ampli tude and li mited importance of the echoes effect. This leads to simplified and 
lighter data process ing requirements. The low cost of these kinds of sensors was also an 
important parameter to limit the cos t of implementation . However, the use of air-bo rne 
ultrasonic microphones is particularly interesting because of the similarity with the 
acoustic microphones. The advantage of these sensors is that they may have the capacity to 
detect fl aws in roll ing-element bea rings at an earlier stage. The cali b ration of such 
elements should be more complex than with the method using acoustic microphones 
however the SNR for ultrasonic waves is highe r because the effect of mechanical noise is 
reduced to a large extent. 
Condition monitoring of structure stress waves could be proven complementary compared 
to the two previous methods. Measuring vibration through accelero meters could be one 
possib ility. One advantage of thi s me thod , compared to using microphones is that there is 
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no need to use filtering techniques since stress waves coming from damaged rolling-
element bearing that are travelling into materials are less affected by external noise, 
however the number of stress wave modes will be increased (compress ional, Raleigh , 
shea r, plate waves, etc. ) and the e Ffect of echoes should be much more important thus 
requiring heavy signal processing co mputat ion. This may be overcome by implementing 
some techniques such as Neuro Fuzzy logic to find correlation with the signal received by 
acousti c microphones. Finally, one could implement Acoustic Em iss ion sensors that have 
the same drawback as the vi bration sensors except that the SNR of the received signal may 
be higher leading to earl ier rolling-elemen t bearing defect detecti on. 
8.2 Real-time implementation 
The Field-programmable gate array (FPGA) technology involves setting an e lectronic 
hardware to process data as a predefine data process ing software would do by us ing 
software-programmable sili con ([ 137]). Achievi ng the data process ing at the hardware 
level rather than the software level would mean a much faster process since FPGA have 
mass ive paral lel process ing capability compared to the usual serial co nFi guration used by 
software ([ 138]). [1 39] developed a stand-alone hardware signal processi ng (HSP) unit to 
monito r CNC machine tool's breakage. This HSP was sitting ins ide a si ngle FPGA unit. It 
included an algorithm designed dig ita ll y and was computing a DWT and autocorrelation 
calcul ati on. On their s ide [140] implemented an NN inside an FPGA program mab le unit to 
create a smart sensor for estimati ng the load at different places on a plane structure. These 
appli cati ons suggest that the algorithm developed in thi s thes is cou ld be implemented 
under an FPGA configuration . [1 39] indicated that the HSP was obtained by compiling the 
digital algo rithm us ing a very high-speed integrated ci rcuit hardware description language 
(VHDL). VHDL is a language that does not require any vendor-spec ific building block 
([139]). [140] used a C++ language to program hi s FPGA unit and indicated that this C++ 
program could be contro lled in Mallab/Simulink. Finally [138] modelled and deve loped an 
FPGA-variable-speed controll er under Matlab/Simulink. To do so a Xillinx System 
Generator (SG) software, designed as a M atl ab toolbox , generated a VHDL code directl y 
from the Simuli nk model. The advantages of us ing such system is that the imple mented 
algorithm is guaranteed to function exactly as in the simul ation and that a s ingle model is 
created fo r both simulation and implementation instead of the usua l complexi ty and 
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important time requiremen t of having to generate two models. The major limitation is that 
thi s SG software can onl y contro l Xi llinx FPGA units. 
In terms of costs, FPGAs can also be beneficial. Fo r example, the stand-alone on-line tool 
breakage detection unit developed by [139] was developed for less than 300 US doll ars. 
From these facts, it is be lieved that the acquired signals from the microphones could be 
processed accord ing to the condition monitoring algorithm developed in thi s thesis at the 
FPGA stage. The feed-forward neu ral network used in the triangulation algorithm could 
also be trained and simulated at the hard ware stage alongs ide the countings and the 
stati s tical anal ys is stage. Hence thanks to the FPGA technology a powerful and low-cost 
rea l-time condition-monitorin g tool could be developed and implemented in an industrial 
environment. 
8.3 More efficient Digital Signal Processing methods 
In the last part of Chapter 7, seven stat is tica l parameters were used to determine if they 
possess a comparable effic iency in ass igning the proper condition for each pulley as 
compared with the counting algorithm. The two most damaged pulleys could be 
successfull y diagnosed as damaged however one of the other healthy pulleys could have 
had mi slead ingly diagnosed as damaged. Further work will be spent to de termine the 
capability of other types of stati s ti cal parameters such as maX llnum , minimu m, mean, 
median, moment, etc. 
8.4 Data fusion 
Neuro fuzzy log ic could enable to find hidden correlation from a set of signals co ll ec ted 
from different type of sensor. Combining the information ex tracti on capability o f each 
technology, thanks to ne uro fuzzy logic or similar method, would enab le a consistent and 
robust syne rgistic rolling-element bearings condition-monitoring tool. 
The developed diagnostic tool will predict the optimal time to replace any damaged 
rolling-element bearing before its fa ilure. 
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Fuzzy logic or neuro fuzzy logic can also be investigated so that stati stical parameters 
could be given in input alongside with the result of the counting for each of the pulleys and 
motor and as the output it would be expected to give out an information correspondi ng to 
the condition of the mechanical element considered. The output would look like as 
follows: pulley, very good condition, good conditi on, normal condition, damaged 
condition, very damaged condition o r criti cal condition, etc. Using fuzzy logic would 
mean that the ru les assoc iated to each input (processed information) wo uld be defined 
which could be beneficial since it would require a maintenance e ngineer to define 
interactively the element condition sLlch as the system would be set fo r future unattended 
diagnosis. The implemen tation of suc h techniques could be extended by inc luding the data 
from the other sensors connected with the data acquisi ti on unit such as the belt monitoring 
sensors, the accelerometer, the boundary microphone and the thermal camera. 
Stati sti cal Processes Control (SPC) is one of the most effective tools towards total quality 
management who e main function is to monitor and minimise process variati on 
([ 14 1, 142]). When a process is in statistical control, it means that all the variations in the 
process are assumed to be due to chance, as opposed to spec ial cause. Multivari ate SPC 
(MSPC) accounts for the fact that the re can be correlation between different variab les in a 
process and is therefore a mo re realistic and effective method for process mode lling as 
compared to uni variate SPC ([ 142]). In their paper, [142] consider Novelt y Detect ion (N D) 
as a tool that can be used in the SPC frame. The authors explain that D produces one -
and only one of the two classification deci s ions: a new input is either " novel" or "non-
novel". The " non- novel" classification could be taken from a large amount of data 
collected from a system in good condition and the " novel", conside red as unseen 
condition, wou ld be from a system in poor condition. ND estimates the probabi li ty of a 
previous ly unseen data point - such as x - belonging to the same probabi lity density 
d istribution as that of the data set tha t was used to train the ND class ifier. [142] conside r 
bivariate- and multivariate in general - ND where two or more vari ables can be used to 
cons ider if, for the case of SPC app lied to condition monitoring, a system is in statis tica l 
control or not. For thi s application the first variable would be the counting obtained for a 
monitored rolling-elemen t bearing and a second variable would be one of the stati stical 
paramete rs (skewness, kurtosis, etc.) . It could also be considered to add more variates. To 
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automate the diagnostic gi ven out by the ND, a large amou nt of research is made to 
implement neural-networks. An intensive literature rev iew on SPC and ND is presented by 
[ 14 1,143, 144]. 
8.5 Sensor calibra tion and testing 
The robustness of the ti e-cli p microphones has not been tested although data in dusty and 
humid industri al environme nt inside the LSM has been collected successfull y du ring a 
period of one month . In order to ca librate and tes t the freq uency response o f each 
microphone a wave generato r (loudspeaker) can be install ed at a known pos ition (poss ibly 
at equal distance from each microphone) ins ide the LSM so that a wave could be generated 
duri ng quiet moments of production to measure the frequency response of each sensor for 
a si mi lar wave. The evolution of the ir response could then be fo llowed and the sensors 
could be replaced when showing weak frequency response. 
Also to test the integrity of each sensor, a weak current can be generated inside the 
sensor's connecti on to measure the line res istance of the cables and sensing eleme nts and 
follow the evolution of th is value. 
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APPENDIX 
A- Hertz's theory 
The He rtz theory is extensively di scllssed by [27] so a resume wil l be made here . First, thi s 
theo ry enables the study of the contact propert ies between solid e lastic bodies . This is 
especiall y useful when calcul ating the contact pressure and resul tin g deformat ion 
occurring at the contact point of rolling e lements and raceways made from materi als 
considered as elastic. 
A- I) Assumptions 
There are three assumptions that need to be made: 
I. The contacting bodies must be homogeneous and isotropic; 
2 . The contact area must be flat and its axes very small in relati on to the curvature 
radi i at the contact pos ition. In the contact area, onl y normal stresses must be 
transmilled, not shear stresses; 
3. The proportional limits of the materi al must not be exceeded so that pl asti c 
deformation does not occur. 
Each of these assumptions are idea li sed since: 
I . A materi al is not perfect due to uneven arrangement and shape o f c rys tal s of 
different types in the molecular structure of the bodies , so each bod y will not be 
perfec tly homogeneous and isotop ic ; 
2. Self-aligning ball-bearings and magneto-type ball -bearings have relati vely large 
curvature rati os satisfying assumption 2 whereas deep-groove ba ll -bearings and 
spheri cal rolling-element bearings have small curvature rati os where the contact area 
formed by high loading is clearl y curved and its larger ax is is not small in relation to 
the curvature radii thus not clearl y sati sfying assumpti on 2; 
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3. Some heavily loaded rolling-element bearings might witness slight plastic 
deformation that does not match assumption 3 but that might not be prohibited. 
Hence each assumption will witness some exceptions, however these must be to lerated in a 
large number of cases and usually the contact pressures are covered by the Hertzian 
formula within an acceptable accuracy. 
A- 2) Curvature relationships 
To apply this theory, one must consider that the two bodies are pressed against each other 
at their common contact point, with their respecti ve curved surface fac ing up, with a force 
Q. Each of the two bodies I and 2 is characteri zed by its curvatures in the principal planes, 
perpendicular to each other, in which the maximum and minimum curvatures are 
contained. The curvature is defi ned as the rec iprocal value of the corresponding radius of 
curvature: 
1 p=-
r 
Ca) 
Bod y I 
Body 2 
\ 
I 
~. 
Shear stress (=0 in 
the Hert zian theo ry) 
Nonna l s tr~ss 
Cb) 
(97) 
Q 
Bod y I 
in ( 
Body 2 
• i Q 
Figure 222: Radii of curvature in one of the principal planes of: (a) 2 convex curva ture bodies; (b) I 
convex curva ture (body I) and I concave curvature (body 2) bodies 
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(a) Q (b) Q 
Principal plane I Principal plane 2 
, 
, 
Figure 223: Visualisation of the point of coo tact between 2 curved bodies and the principal planes in 3 
dimensions: (a) with 2 convex curvature bodies; (b) with I convex and 1 concave curvature bodies 
As a general notation every radius and curvature is qualified with two indices. The first 
index refers to the body number and the second one indicates the principal plane that is 
used as reference. 
By using the auxiliary value: 
(98) 
with 
(99) 
It is possible to determine the Hertz coefficients ~, v and 2Kht~ (given in the Table 2.3 at 
pp 105- 106 of [27)) that will help us to find the deformation, the contact area and contact 
pressure at the contact point. 
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A-3) Elastic deformation 
A-3-1 ) For point contact 
At a contact po int between two curved bodies in a ball -bearing, the deform ation is 
ca lculated as follows if the two bodies are made from the same material: 
5, = 1.5(2K )3 ~(1-~)(L>JQ 2 
7fJ1 E m 3 
(lOO) 
whereas thi s deformation will be as follows for the interaction between two bodies made 
from different materials: 
(2K) I 5, = 1.5 7fJ1 1 2 
I I 1- - 1- -
2 2 1n l + 
1n2 
E E I 2 
(10 I ) 
with E being the modu lus of elastic ity (or E\ and E2 for 2 different material s) and I l m the 
Poisson' s ratio ( IIm\ and 11m2 for 2 different materi als). 
After simplification, one can then introduce the deformation constant Co: 
(102) 
with the adjustment factor (j) depending on the type of materials used for each body, d 
being a ball diameter. To obtain (j) and C.o consult Table 2.4 and Figure 2. 39 at pp I 07 and 
109 of [27]. Co depends on the curvature ratio k and the express ion DI(d cos a). 
Moreover, the calculation of the total deformation inc luding the inner and outer races is: 
(103) 
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with the deformation 8ir at the outer race contact position and the deformation 80r at the 
outer race contact point 
<5 ~ fflQ)2 
- = (/J 3 (Cs, + C",,)3 - 2 
d d 
(104) 
Then, the constant of the total deformation is found as follows: 
d " ' C - --- -,;-;-;;-
Ii -(C +C ) 3/2 
Br tb, 
( 105) 
It is said by [27] that it is possible to make the assumption that Co may be presented as a 
functi on of the curvature ratio K and the ball diameter d, a graph to select these three 
parameters accordingl y is provided at pp 11 0 of [27]. 
This curvature ratio Kwill be a function of the curvature ratios o f both inner race Ki, and 
outer race Ko, usual ly provided by the rolling-element bearing manufacturer: 
K = 0 .5(Ki' + Ko, ) (106) 
A-3-2) For line contact 
In rolling-element bearings where the rolling elements have a cy lindrical shape, one must 
then cons ider two cylinders compressed against each other with an equal force Q. The 
effect ive rol ler length leff represents the length over which the two cylinders are in contact, 
that is without inc luding the rounded edges of the rollers and any recesses in the raceways. 
le!! is calculated as follows: 
ltfl = f,ow1 - 21' ( 107) 
with 1/0101 being the total length of a ro ller and r the radius of each rounded edge. 
By ex tending over Hertz's method, one can then calculate the elastic deformation 8k: 
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o = 0)0.925 4.05 (QO.92' J 
k 10' [0.85 
'ff 
(lOS) 
And the total deformation II at the two contact positions of a roller with the race ways wi ll 
be twice the value of the elastic deformation for one contact: 
_S. I(QO.92'J 0-- --10' [0.85 
'If 
and the elastic constant C&.. is calculated as follows: 
C = 26200 * [0.92 
t5i. ~ff 
A-4) Contact area 
A-4- 1) For point contact 
( 109) 
(1 10) 
The contact area developing under load between two curved bodies III point contact 
generally has an elliptical shape (Figure 224). 
-- --------- ---!------ ----- -- - 2b 
~----2a---~~ 
Figure 224: Principal axes of the elliptical contact area 
The elliptical contact area for two components with identical modu li of elastic ity E and 
Poisson's ratio IIm are defined by the major axis 
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20=211 3 3( 1- ~)( I ) 
m E p 
( 11 I) 
and the minor ax is 
( 112) 
Then the e lliptical surface is: 
( 1l3) 
For rolling-element bearings made of steel, one can simpli fy the equation measuring the 
major axis 2a: 
(114) 
where the constant Cc corresponds to the expression: 
c = 0.047211 
, VdLP ( 115) 
This constant C, also depends on DI(d cosa) and IC and can be determined at pp 115 of 
[27]. 
A-4-2) For line contact 
Even though the fo llowing equations were developed for bodies with infi nite length , they 
can be employed with suffic ient accuracy to bodies of finite length. Hence the width of the 
rectangular con tact area is: 
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2b - 2 8(1 __ 1 )(RJ( 1 J 
- 11/.' l 'lf n:EI P ( 1 16) 
Since for line contact the curvatures in the axial planes of both bodies become zero, the 
sum of the curvatures is: 
LP = PIl + P 2 1 ( 117) 
Then the rectangular contact area is: 
F=2bl,jJ =2J(I;Y,1f ( 11 8) 
In the case of rolling-element bearings made of steel, one can obtain the following 
equat ion: 
2b -C J Q 
d - b dl'lf 
where the constant Cb is: 
c _ 6.68 
b - ID' ~dIp 
(1 19) 
( 120) 
The constant Cb also depends on DI(d coscx) and can be determined at pp 117 of [27]. 
A-5) Contact pressure 
A-5-1) For point contact 
The normal stress is distributed over the contact area in the form of a semi-ellipsoid as 
shown in Figure 225. 
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Figure 225 : Stress distrib ution over the elli ptical contact area 
The maximum contact pressure Po in the centre of the contact area amounts to 1.5 times 
the even ly distributed pressure. Following the calculation o f the contact area F for point 
contact , the max imum contact pressure is: 
( 12 1 ) 
which equati on, in the case of steel ball-bearings can be rewritten: 
-c JJ Po " - 2 d ( 122) 
where 
( 123) 
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A-5-2) For line contact 
As shown in Figure 226-A and Figure 226-B, the normal stresses are di stributed 
elliptically over the width 2b of the rectangular area. 
Figure 226: (A) Line contact on cylindrical bodies; (B) Stress distribution over the recta ngular 
contact area 
The maximum contact pressure over the centre line in the contact area is: 
(124) 
For a steel rolling-element bearing, such an equation can be simplified to : 
=C ~ Po P dl 
off 
(125) 
where the coefficient Cp is given by: 
C = 270~dL> 
P 2 
(126) 
where Cp can be derived from D/(d cosa) and retrieved from pp 122 of [27]. 
A-6) Subsurface stresses 
The logical extension of Hertz's theory on stresses at the contact place is the study of 
stresses below the contact location. Several studies to calculate the stresses at arbitrary 
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points on and below the sUlface are li sted by [27]. rn Figure 228-a) take n from [27] one 
can see the stresses appeari ng in an ideal line contact and changing wi th increas ing depth 
z. [n this fig ure, all the stresses are taken in compari son wi th the stress, Po, normal to the 
surface receiving the line contact. Hence the stress 0", at the surface equals to Po and as one 
goes deeper becomes weaker than the initial stress Po whence a rati o O"! Po decreasing 
whi le go ing deeper into the structure. 
The stress 0; has its principal directi on towards the de pth of the surface or along the z-axis. 
The ax ial stress O"y with its principal component in the direction of the contact area width 
2b decreases even more rapidly as it travels into the structure, i.e. towards z. Having the 
normal stress 0", and the rad ial stress O"y, the main shear stress rH can then be calcul ated as 
follows: 
(0", - 0")' ) 
'f 11 = 
2 ( 127) 
Thi shear stress appears to reach its maximum at a depth z = O.78b and dec reases slow ly 
after thi s poi nt. Figure 227 shows the pattern of stresses over the contact area width 2b at 
the depth Zo=O.5b at which the orthogonal shear stress 'Ij, is at its max imum. During 
cycling, the stresses 0;, 0). and rH increase until they reach their max imum value at the z-
axi and then they decrease; they are therefore fluctu ating stresses . 
The shear stress 'Ij" unlike the other stresses, is orthogonal to the ex ternal load acting at 
the line contact and is directed pa rall e l to the z-ax is. 
Th is can be understood by the fact that its directionality is paralle l to the movement of the 
rolling element at the surface and moving on both sides of the contact line: the stress wi ll 
be negat ive between -b and 0 (not included), a nil value right below the contact line, and 
positi ve stress after 0 towards +b (Figure 228) thus it is considered as an alternating shear 
stress . As shown in Figure 228-b), the peak values of 'Ij, are between O.25po and -O.25po 
and its peak-to-peak amplitude is O.5po. Accord ing to [27] stress conditions for point and 
line contacts are very similar with one of the major differences being that the largest 
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onhogonal shear stress fyz occurs at the depth z=O.5b for line contacts and at z=O.35b for 
point contacts while the peak-to-peak amplitude will be of O.5po for line contacts, O.35po 
for contact points and 0.43po for circular contact area. 
- -
' - . -- - .,. -. . -.... 
Rolling elen"£nt - -i-- _' _ ---
ntacl I illc ---,-
-- '~ ... 
- - - l 
:/ 
Shear stress f)~ / 
figure 227: Shear stress movement with the rotation ofa rolling element 
Po 
t===lb;-=~- y 
z Q2 Q.4 0.6 OB , 
tH/PO 
0.5 t--\;,4--'--f-------------=I""":.------- y/b 
0.78 
1.0 
2.0 
Zlb 
(a) 
-, -, 
-----~lyz lpO 
- 0.5 
(b) 
figure 228 Subsurface stresses at ideal line contact 
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B- Appendix B 
Retrieval of the strict lag value Retrieval of the la with one lac of error 
sensor I sensor I 
Ratio Cumulative rate of Ratio Cumulative rate of 
sensor 2 occurrence sensor 2 occurrence 
0.87 13.55 0.26 0.37 
1.6 39.56 0.37 0.37 
2.33 56.78 0.49 1.47 
3.07 67.77 0.60 3.66 
3.8 75.09 0.72 7.69 
4.53 79.49 0.83 11 .36 
5.26 83.88 0.95 23.08 
6 86.81 1.06 27.47 
6.73 89.01 1.18 32.23 
7.46 89.74 1.29 37.73 
8.2 90.11 1.41 43.22 
8.93 90.84 1.52 48.35 
9.66 91.58 1.64 53.48 
10.4 91.94 1.75 64.47 
11 .13 92.3 1 1.87 66.30 
11.86 92.67 1.98 70.70 
12.59 93.04 2.10 73.63 
13.33 93.04 2.21 76.19 
14.06 93.04 2.33 78.39 
14.79 93.41 2.44 83.15 
15.53 94 .14 2.56 85.35 
16.26 94.51 2.67 86.08 
16.99 94.87 2.79 88.64 
17.73 94.87 2.90 89.74 
18.46 94.87 3.02 91 .21 
19. 19 94.87 3. 13 91.58 
19.92 94.87 3.25 92.67 
20.66 95.24 3.36 93.41 
21.39 95.24 3.48 94.14 
22 .12 95.6 3.59 94. 14 
22.86 95.6 3.71 94.51 
23.59 95.6 3.82 95.60 
24.32 95.6 3.94 96.34 
25.06 95.6 4.05 96.34 
25.79 96.34 4.17 96.34 
26.52 96.34 4.28 96.34 
27.25 96.7 4.40 96.34 
27.99 97.07 4.51 96.34 
28.72 97.07 4.63 96.70 
29.45 97.07 4.74 97 .07 
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30.19 97.07 4.86 97.44 
30.92 97.07 4.97 97.44 
31.65 97.07 5.09 97.44 
32.39 97.44 5.20 97.44 
33.12 97.44 5.32 97.80 
33.85 97.8 5.43 98 .17 
34.58 98.53 5.55 98. 17 
35.32 98.53 5.66 98.17 
36.05 98.53 5.78 98.17 
36.78 98.9 5.89 98. 17 
37.52 98.9 6.01 98.53 
38.25 98.9 6.12 98.53 
38.98 98.9 6.24 98.53 
39.72 98.9 6.35 98.53 
40.45 98.9 6.47 98.53 
41.18 98.9 6.58 99.27 
41.91 98.9 6.70 99.27 
42.65 98.9 6.81 99.27 
43.38 98.9 6.93 99.27 
44.11 99.27 7.04 99.27 
44.85 99.27 7.16 99.27 
45.58 99.27 7.27 99.27 
46.31 99.27 7.39 99.27 
47.05 99.27 7.50 99.27 
47.78 99.27 7.62 99.27 
48.51 99.63 7 .73 99.27 
49.24 99.63 7.85 99.27 
49.98 99.63 7.96 99.27 
50.71 99.63 8.08 99.27 
51.44 99.63 8.19 99 .27 
52.18 99.63 8.31 99.27 
52.91 99.63 8.42 99.27 
53.64 99.63 8.54 99.27 
54.38 99.63 8.65 99.27 
55. 11 99.63 8.77 99.27 
55.84 99.63 8.88 99.27 
56.57 99.63 9.00 99.27 
57.31 99.63 9.11 99.27 
58.04 99.63 9.23 99.27 
58.77 99.63 9.34 99.27 
59.51 99.63 9.46 99.27 
60.24 99.63 9.57 99.27 
60.97 99.63 9.69 99.27 
61.71 99.63 9.80 99.27 
62.44 99.63 9.92 99.27 
63.17 99.63 10.03 99.27 
63.9 99.63 10.15 99.27 
64.64 99.63 10.26 99 .27 
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65.37 99.63 10.38 99.27 
66.1 99.63 10.49 99.27 
66.84 99.63 10.61 99.27 
67.57 99.63 10.72 99.27 
68.3 99.63 10.84 99.27 
69.04 99.63 10.95 99.27 
69.77 99.63 11.07 99.27 
70.5 99.63 11 .18 99.27 
71.23 99.63 11 .30 99.27 
71.97 99.63 11.41 99.27 
72.7 99.63 11 .53 99.63 
73.43 100 11 .64 100.00 
Table 22: Statistics of ratio for the louder sound's lag to be retrieved by the cross-correlat ion 
Strictly ±1 sample 
1st pair ratio 2nd pair ratio minimum limit minimum limit 
0.46 0.54 4.1 2 
0.46 0.62 32.5 2.9 
0.46 0.92 1.5 1.5 
0.46 1.01 2.6 2.6 
0.46 1.48 15.5 4.6 
0.46 1.76 5.8 3.5 
0.46 1.82 6.6 3.4 
0 .51 0.54 4 1.9 
0.51 0.62 44.3 2.8 
0 .51 0.8 1.9 1.9 
0.51 0.92 1.4 1.4 
0.51 1.01 2.4 2.4 
0.51 1.09 3.1 1.4 
0.51 1.21 7.6 2.6 
0.51 1.3 3.6 3.4 
0.51 1.42 1.6 1.6 
0.51 1.48 12.8 3.8 
0.51 1.76 4.6 2.9 
0.51 1.82 6.7 3 
0.51 2. 12 2 2 
0.57 0.54 1.6 0.8 
0.57 0.62 1.6 0.9 
0.57 0.8 2.8 2.8 
0.57 0 .92 1.8 1.6 
0.57 1.01 6.6 6.6 
0.57 1.21 1.6 0.9 
0.57 1.3 1.8 1.3 
0.57 1.42 5.4 5.4 
0.57 1.48 2.6 1.7 
0.57 1.62 5.7 3.3 
0 .57 1.76 25.5 11 .7 
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0.57 1.82 3.7 2 .1 
0.57 1.95 5.8 2 .9 
0.57 2.12 3 2.2 
0.62 0.54 3.7 1.6 
0.62 0.62 8.7 1.9 
0.62 0.68 4.8 2 
0.62 0.8 1.6 1.6 
0.62 0.92 1.2 1.2 
0.62 1.01 2. 1 2.1 
0.62 1.21 3.9 2 
0.62 1.3 2.8 2 .8 
0.62 1.42 1.3 1.3 
0.62 1.48 9. 1 2 .8 
0.62 1.61 15.2 2.4 
0.62 1.76 2.3 1.7 
0.62 1.82 3.8 2.1 
0.62 2.12 1.4 1.4 
0.68 0.54 1 0.5 
0.68 0.62 1 0.6 
0.68 0.62 1.5 1.1 
0.68 0.8 2.2 2.2 
0.68 0.92 1.3 1.3 
0.68 1.01 4.9 4.9 
0.68 1.21 1.1 0.6 
0.68 1.3 1.8 1 
0.68 1.42 3.8 3.8 
0.68 1.48 73.8 11 .5 
0.68 1.62 4.3 2.3 
0.68 1.76 3 1.6 
0.68 1.82 2.9 1.7 
0.68 1.95 6.9 2.4 
0.68 2. 12 2 1.7 
0.8 0.47 16 1.8 
0.8 0.62 4.6 2.4 
0.8 0.68 4.1 1.2 
0.8 0.92 2.1 0.8 
0.8 0.99 5.6 3.5 
0.8 1.09 5.3 2.7 
0.8 1.13 7.9 3. 1 
0.8 1.21 1.5 1.5 
0.8 1.3 2.1 2 
0.8 1.42 2.1 2.1 
0.8 1.48 0.7 0.7 
0.8 1.61 2.7 1.6 
0.8 1.74 3.3 1.8 
0.8 1.83 0 .7 0.7 
0.8 1.95 1.8 1.8 
0.8 1.95 1.8 1.8 
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0.8 2.1 2.4 2.4 
0.92 0.47 0.7 0.7 
0.92 0.62 1.2 0 .9 
0.92 0.68 3.4 1.8 
0.92 0.8 1.4 0.5 
0.92 0.99 3.5 2 
0.92 1.09 12.2 2 
0.92 1.13 5 1.7 
0.92 1.2 4.9 2.2 
0.92 1.3 3.1 2.5 
0.92 1.4 0.8 0.8 
0.92 1.48 9.7 3.9 
0.92 1.61 48.4 3.7 
0.92 1.74 5.1 2.7 
0.92 1.85 6.1 2.8 
0.92 2.1 2.2 2.2 
0.99 0.54 2.9 1.6 
0.99 0.62 2.8 1.6 
0.99 0.62 28.2 2.3 
0.99 0.68 5.1 2.4 
0.99 0.8 1.6 0.9 
0.99 0.92 2.4 1.2 
0.99 1.01 25.5 6.6 
0.99 1.21 6.8 2 
0.99 1.3 2.3 2.3 
0.99 1.42 1. 1 0.8 
0.99 1.48 4.6 2.8 
0.99 1.62 2.8 1.5 
0.99 1.76 3.6 2.5 
0.99 1.82 4.9 2.6 
0.99 1.95 2.4 1.4 
0.99 2. 12 1. 1 1.1 
1.09 0.54 3 1.4 
1.09 0.62 27.5 2.1 
1.09 0.8 2 1.1 
1.09 0.92 10.3 1.7 
1.09 1.01 3.2 1.8 
1.09 1.21 5.2 1.7 
1.09 1.3 2.6 2.6 
1.09 1.42 1.2 1.1 
1.09 1.48 4.6 2.5 
1.09 1.62 1.7 1.4 
1.09 1.76 2 2 
1.09 1.82 4 .3 2.3 
1.09 1.95 1.4 1.4 
1.09 2.12 1.3 1.3 
1.12 0.92 2 .6 1.1 
1.12 1.01 3. 1 1.7 
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1.13 0.47 1.2 1.1 
1.13 0.54 3.5 1.5 
1.13 0.62 11 1.9 
1.13 0.8 1.8 1 
1.13 1.21 5.6 1.7 
1.13 1.3 2.5 2.5 
1.13 1.42 1.2 1.2 
1.13 1.48 3.1 2. 1 
1.13 1.62 1.6 1.6 
1.13 1.76 2.3 1.8 
1.13 1.85 2.5 6 
1.13 1.95 1.4 1.4 
1.13 2.12 1.3 1.3 
1.21 0.47 15 1.3 
1.21 0.62 3.7 1.8 
1.21 0.68 5.5 1.8 
1.21 0.8 1.6 1.5 
1.21 0.99 1.2 1.2 
1.21 1.09 1 1 
1.21 1.13 0.9 0.9 
1.21 1.3 2.1 1.7 
1.21 1.42 1.6 1.6 
1.21 1.61 4 3 
1.21 1.74 4.4 3 
1.21 1.85 4 2.8 
1.21 2. 11 0.9 0.9 
1.3 0.47 4.6 0.5 
1.3 0.62 1.1 0.6 
1.3 0.68 2.4 1.6 
1.3 0.8 1.8 1.8 
1.3 0.99 2.2 1.3 
1.3 1.09 1.9 1.2 
1.3 1.1 3 1.4 1 
1.3 1.21 1.5 1.3 
1.3 1.42 3.9 3.9 
1.3 1.61 16.8 0.9 
1.3 1.74 2 0.7 
1.3 1.85 2.2 0.8 
1.3 2.12 2.9 1.2 
1.42 0.47 6 0.7 
1.42 0.62 0.9 0.8 
1.42 0.68 1.7 1.2 
1.42 0.8 1.4 1.4 
1.42 0.99 3.8 3.8 
1.42 1.09 1.1 1.1 
1.42 1.13 1.7 1 
1.42 1.21 1.7 1.7 
1.42 1.3 3 1.6 
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1.42 1.48 1.4 1.4 
1.42 1.61 3 .1 2.5 
1.42 1.74 1.5 1.5 
1.42 1.83 1.4 1.4 
1.42 1.95 6 2.6 
1.42 2. 12 2.1 1.8 
1.48 0.47 34.6 1 
1.48 0.47 34.6 1 
1.48 0.62 1.8 1 
1.48 0.62 1.8 1 
1.48 0.68 33.7 5.3 
1.48 0.8 1.5 1.5 
1.48 0.99 3.3 3.3 
1.48 1.09 1 1 
1.48 1.09 1 1 
1.48 1.13 0.9 0.9 
1.48 1. 13 0.9 0.9 
1.48 1.3 0.9 0.9 
1.48 1.42 1.7 0.8 
1.48 1.61 1.1 0 .6 
1.48 1.74 1.3 0.7 
1.48 1.85 1.3 0.7 
1.48 1.95 1.3 1.1 
1.48 2. 1 1.3 1.3 
1.61 0.54 1 0.7 
1.61 0.62 2 1.1 
1.61 0.68 2 1.2 
1.61 0.8 1.6 1.3 
1.61 0.92 1.9 1.2 
1.61 1.01 3.4 2.6 
1.61 1.21 1.8 1.8 
1.61 1.3 2.4 1.3 
1.61 1.42 2.4 2.4 
1.61 1.48 7 1.9 
1.61 1.62 3.2 2.3 
1.61 1.76 2.4 1.3 
1.61 1.82 3.4 1.4 
1.6 1 1.95 3. 1 2.2 
1.61 2.12 2.2 2.2 
1.74 0.54 1.1 0.8 
1.74 0.62 1.2 0.9 
1.74 0.8 1.4 1.4 
1.74 0.92 1.7 1.1 
1.74 1.01 3.2 3.2 
1.74 1.09 1.9 1.2 
1.74 1.21 1.7 1.7 
1.74 1.3 2 1.5 
1.74 1.42 2.2 0 .9 
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1.74 1.48 5.8 1.7 
1.74 1.62 2.8 2 
1.74 1.76 2.6 1.3 
1.74 1.82 3 .5 1.4 
1.74 1.95 2.4 1.8 
1.74 2. 12 2. 1 2.1 
1.85 0.47 22. 1 1 
1.85 0.54 20.8 4.8 
1.85 0.62 1.3 0.9 
1.85 0.8 1.6 1.5 
1.85 0.92 1.9 1.2 
1.85 1.01 3 3 
1.85 1.13 4.7 1.6 
1.85 1.21 1.8 1.8 
1.85 1.3 2.1 1.5 
1.85 1.42 2.2 1.5 
1.85 1.48 5.7 1.7 
1.85 1.62 3.9 2.5 
1.85 1.76 2.5 1.3 
1.85 1.82 3.8 1.5 
1.85 1.95 2.9 2.1 
1.85 2.12 2.2 2.2 
1.95 0.47 0.7 0.7 
1.95 0.55 1.9 0.9 
1.95 0.62 1.4 0.8 
1.95 0.68 4.5 1.4 
1.95 0.8 0 .9 0.6 
1.95 0.92 1.5 0.7 
1.95 1.01 2 .1 2 
1.95 1.13 1.5 0.8 
1.95 1.21 2 .7 1.5 
1.95 1.3 1.7 1.7 
1.95 1.42 0.9 0.6 
1.95 1.48 7.2 2 
1.95 1.62 36.6 2.3 
1.95 1.76 1.7 1.5 
1.95 1.82 2.6 1.6 
1.95 2.12 0.5 0.2 
2. 1 0.47 9.3 0.9 
2. 1 0.62 2 1 
2.1 0.68 4.6 1.3 
2. 1 0.99 1 1 
2.1 1.09 1.4 1 
2. 1 1.13 1.8 1 
2.1 1.61 1.7 1.7 
2. 1 1.74 1.9 1.1 
2.1 1.85 1.9 1.1 
2. 12 0.8 0.7 0.7 
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2.12 1.3 1.3 1.2 
2.12 1.42 0.9 0.9 
Table 23: Ratio values (between channel 1 of the two sounds AND between channels 1 and 2 for each 
sound) for the louder sound's lag to be retrieved 
Ratio for Exact tag Rate of Ratio with 1 Rate of confidence 
retrieval confidence (%) taq of error (%) 
0.98867 21.6117 0.27667 0.3663 
1.966 53.4799 0.43 1.4652 
2 .9433 67.7656 0.58333 3.663 
3.9207 76.1905 0.73667 11 .3553 
4.898 82.4176 0.89 17.2161 
5.8753 86.8132 1.0433 27.4725 
6.8527 89 .3773 1.1967 32.2344 
7.83 90.1099 1.35 43.2234 
8.8073 90.8425 1.5033 48.3516 
9.7847 91.5751 1.6567 59.3407 
10.762 92 .3077 1.81 64.4689 
11 .7393 92.674 1.9633 70.696 
12.7167 93.0403 2.1 167 73.6264 
13.694 93.0403 2.27 78.3883 
14.6713 93.4066 2.4233 83.1502 
15.6487 94.5055 2.5767 85.348 
16.626 94.8718 2.73 88.6447 
17.6033 94 .8718 2.8833 89.7436 
18.5807 94.8718 3.0367 91.5751 
19.558 94 .8718 3.19 91.9414 
20.5353 95 .2381 3.3433 93.4066 
2 1.5127 95 .2381 3.4967 94. 1392 
22.49 95 .6044 3.65 94.5055 
23.4673 95 .6044 3.8033 95.6044 
24.4447 95.6044 3.9567 96.337 
25.422 96.337 4.11 96.337 
26.3993 96.337 4.2633 96.337 
27.3767 96.7033 4.4167 96.337 
28.354 97 .0696 4.57 96.7033 
29.3313 97 .0696 4.7233 97.0696 
30.3087 97 .0696 4.8767 97.4359 
31.286 97 .0696 5.03 97.4359 
32.2633 97.4359 5. 1833 97.4359 
33.2407 97 .8022 5.3367 98.1685 
34.218 98 .5348 5.49 98.1685 
35.1953 98 .5348 5.6433 98.1685 
36.1727 98 .9011 5.7967 98.1685 
37.15 98 .9011 5.95 98.5348 
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38. 1273 98.9011 6.1033 98.5348 
39. 1047 98.901 1 6.2567 98.5348 
40.082 98.9011 6.41 98.5348 
41.0593 98.9011 6.5633 99.2674 
42.0367 98.901 1 6.7167 99.2674 
43.014 98.901 1 6.87 99.2674 
43.9913 99.2674 7.0233 99.2674 
44 .9687 99.2674 7. 1767 99.2674 
45.946 99.2674 7.33 99.2674 
46 .9233 99.2674 7.4833 99.2674 
47.9007 99.2674 7.6367 99.2674 
48.878 99.6337 7.79 99.2674 
49.8553 99.6337 7.9433 99.2674 
50.8327 99.6337 8.0967 99.2674 
51.81 99.6337 8.25 99.2674 
52.7873 99.6337 8.4033 99.2674 
53.7647 99.6337 8.5567 99.2674 
54.742 99.6337 8.71 99.2674 
55.7193 99.6337 8.8633 99.2674 
56.6967 99 .6337 9.0 167 99.2674 
57.674 99.6337 9. 17 99.2674 
58.6513 99.6337 9.3233 99.2674 
59.6287 99.6337 9.4767 99.2674 
60.606 99 .6337 9.63 99.2674 
6 1.5833 99.6337 9.7833 99.2674 
62.5607 99.6337 9.9367 99.2674 
63.538 99.6337 10.09 99.2674 
64.5153 99.6337 10.2433 99.2674 
65.4927 99.6337 10.3967 99.2674 
66.47 99.6337 10.55 99.2674 
67.4473 99.6337 10.7033 99.2674 
68.4247 99.6337 10.8567 99.2674 
69.402 99.6337 11.01 99.2674 
70.3793 99.6337 11.1633 99.2674 
71 .3567 99.6337 11 .3167 99.2674 
72.334 99.6337 11.47 99.6337 
73.311 3 100 11.6233 100 
Table 24: Rate of confidence for lag retrieval with a mixture of two sou nds 
c- Graphical Use r Interface for displaying the condition of multiple rolling-element 
bearings 
A Graphical User Interface (GUI) has been designed under M at lab to ass ist the 
maintenance engineers in the cond ition assessment of six pull eys and one moto r. A 
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snapshot o f the main window o f this GUI is shown in Figure 229. After having opened 
Matlab 6.1 main window, then one needs to enter the following command: 
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Figure 229: Main window orthe Graphica' User Interrace (GUI) 
T his GU I is set to read and process the data from three tie-clip microphones connected to 
the acquisition unit inside an LSM in a mail-sorting centre. The data was recorded on the 
first day of installation o f the acquis ition unit and sensors by using a CVl acquisition 
program developed by Dr A. AI-Habaibeh. In Figure 229 it can be seen that the starting 
and ending dates o f the data to be read from the compute r' s hard-drive can be selected. 
Two pictures viewing the elements to be monitored can be seen (bottom and top view) 
a long with a number associated with each rotating element to assist the maintenance 
engineer in associating the right condi tion with the right element. On the right side of the 
GU I, a series of seven graphs can be seen and each of them will di splay the counting 
(activity) of a single element. Since data is available over a whole day, the counting 
vari ation over time can be seen. This processing can be extended over several days or 
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more by selecting the starting and ending dates. From the graphs it can be seen that there 
was a high activity for pulley I during the first two recordings of the day. This pulley was 
damaged and had to be replaced. After being replaced, one can see that the counting for 
this pulley went down towards zero counting. This program was an early version so only a 
single cut-off frequency was considered (6 kHz). This is why the high activity of the 
damaged pulley 4 cannot be seen since the cut-off frequency ought to be set at 20 kHz to 
be able to see its activity. The activity at the centre position was also not considered in this 
version. It is expected to overcome these issues as a further work. 
Before starting the processing of the data, the program should be set properly. To do so, 
the option command in Figure 229 has to be clicked. Then an option window pops up. A 
snapshot of this window can be seen in Figure 23 0. 
0 
1er9h. (CII'I~ 
Sensor3 0 length b (CII'Il 
10 i dstarce frOOl sentO , (CIII) EIenwt ciameUII (cm) x-<>x1s Y"ris 
l!l y -axis b) -, 25 10 
:Jl 1 -, " -, 
" A(] S"""r 1o _ a) 
---.o5"""r2 _. 
" 
50 
_. 
••  
X-(Jru; 
'" 
-, ••  
0 l!l A(] 
'" 
00 '00 'l!l ,A(] 
- , 26 12 
CONFIRM 
Figure 230: Option window of the GU t 
In this window, the file address where the previously recorded data is stored must be 
specified. In here E:\BeestonDemo is a folder and contains a series of sub-folders (one for 
each day of recording). In each sub-folder, a seri es of file in a text format (_dat) are stored. 
Each of these files contains the data recorded at a precise moment of the day. An example 
data is shown in Figure 23 1 where the string of value for each sensor starts after the line 
"data:". 
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l)Ul!'tler or c:he..Dnela,IIIU111ber o f !I_plea. II ll111pllng fa!: !! 
5. 100000,50000.000000 
upper_h.it, lo"e r_ lu.lt, SIICIt_ colour , sno qrld. colour 
9.00, - L OO, nUnS6, 117)7632 
Channe I II\U!llbeC. 
,. 
3. 
Data: 
<. 
S . 
6. 
7. 
colour, and ciellcrlptlQn 
10092288. _le 1 
262 1'1 . .lc2 
10066176, _'cl 
255, bound l 
16724736. ace! 
lIS'I11935, clavl:! 
0.01 391 5, -0.02:92 9 7. -0. 063 4 77 . 0.0461328,0.053711,0.152 0117 
0.019531, -0.0'13 945 . -0. 0 0 4883.0 . 2 0 5078,0 . l'i 1602.0.63 i766 
0.0, -0 .053711, O. 01953 I, 0 . 256789, 0 .3369 1'1,0 .60 0586 
0 . 001883. - 0. 0'f39 '1S , 0.043945,0. 18S547. - 0 .253906,0. 556'41 
- 0.024414. - 0 . 03 418 , O. 10"'4 22. 0.17 0 896, 0. ~73 438. 0 .600586 
-0.039062. - 0 . 02 .. 4 14 .0.053711,0 . 2 58789. -0.371091 , O. 537 109 
0 .019531, -0.009766, 0 . 0 2929'1,0 .13 1836,-0 . 1 75781,0 . 5 51758 
0.05859", -0.02929'7,0 . 0'73H2, O. 13 1836, -0. OH I8, 0.52H6 1 
0.02929'7, -0. 0 "8826, 0 .OH" 1".0. Oli6"8, 0.2050'78,0.59082 
0.009766, -0.0"8826 , 0.02929'7, 0. 107U2 ,0 .87"02 3, O. 620 U '7 
0.0 19531 , - 0. 039062,0. 136719,0.097656, - 0. "88281, 0. 517578 
0.0, -0.039062,0.131636 , 0.02 .... H , O. U9688, O. 561523 
- 0.01" 6 .. 8. -0.029297, 0.02 .... 1" , 0 .00"883, - 0.869 1"1 .0 . 15"102 
-0 . 001 883, -0.00"883, -0.053'7 11, O. OH 18, -0. "05273,0.507812 
0 .01"6"8,0.009'766, - 0.019531,0.1318315, -0. 766602 ,0.173633 
0.009766,0.0,0.02"" 1", 0.053'711,0. 117188,0.5661 06 
o .OU618, 0 .011 618, - 0. OUU8,0.12 6953,0 . 097656, O. 522 1 61 
- 0.001 683,0.019531, -0. 06H'7'7, 0 .063008 , 0.3076 17,0.581055 
Figure 231: Exa mple of data store for the beginning of one acq uisit ion 
Then fro m Figure 230, one has to specify the di stance between the three tie-clip 
microphones and the coordinates of each pulley with respect to microphone I. The 
diameter of each pulley and motor has also to be specified. Once all information is 
properl y entered then one has to click o n the confirm button to train a feed-forward NN for 
the acoustic source location purpose. A ll the data is also saved onto the hard-dri ve in a file 
named "values.mat". Then this file can be called by the other GUl to process properly the 
data. To come back to the main window then the close button has to be clicked. Finall y, 
the codes for all the files required for running thi s GUI are provided in sections C- I to C-5. 
C- I) Main function to call the GUl (8earings_ v9.m) 
function varargout = Bearings_v9(varargin) 
% BEARINGS_ V9 Application M-file for Bearings_\9.fig 
% FIG - BEARINGS_ V9 launch Bearings_\9 GUI. 
% BEARI GS_ V9('callbach_name' .... ) il1\ohe the named callback. 
% Last Modified b) GUIDE \2.0 1~-Sep-2003 15:06:26 
if nargin = 0 % LAUNCH GUI 
fi g = open fi g(mfilename,'reuse'); 
% Generate a structure of handles to pass to callbacks. and store it. 
handles = guihandles(fig); 
guidata(fi g, handles); 
if nargout > 0 
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varargout { I } = fi g; 
end 
% set Ilandle Vi sibility to ON for axes initia li sation 
[X2,map] = imreadCLS M4.jpg'); 
o ld = get(fi g,'HandleVis ibili ty'); 
sett fi g,' Hand le V isibi I ity', 'on'); 
axes(handles. imageylot); 
imagesc( [O 140],[0 60],X2); 
set(fig,' Handle Visi bil ity',old); 
el seif ischar(vararg in { I}) % INVOJ.,.I "1\11 J) '>1 BFt N( liON OR (,\1 I.BM" 
try 
if (nargout) 
[varargout {l :nargout}] = feval(varargin{:}); % 1'1 VAt '" itdl~ard 
el se 
feval(varargin{:}) ; % fI V \L SII it chy aru 
end 
catch 
disp(lasterr); 
end 
end 
%1 ABOUT CALLBA C KS: 
%1 GU ID E automatically appends sub fun cti on prototypes to thi s fil e. and 
%1 sets objects' ca llbac ~ propellies to ca ll them through the FEVA L 
%1 Sll itehyard abOl e. Thi s comment desc ribes that mechanism. 
%1 
%1 Each callbad subfunction decla ra tion has the 1'0 11 011 ing form : 
%1 <SU BFUNCTlON_N AM E>( II . EVENTDATA. HA N DL ES. VAR ARG IN) 
%1 
%1 The subfunction name is composed us ing the object's Tag a nd the 
%1 ea llbac ~ ty pe separated by '_ '. e.g. '51 ide r2_Ca 11 back'. 
%1 'fi gure 1_ C loseRequestFcn'. 'ax is 1_ Buttondo lVn Fen'. 
%1 
%1 H is the callbac~ object's handl e (obta ined us ing GC BO). 
%1 
%1 EVENTDA TA is empty. but reserved fo r future use. 
%1 
%1 HAN DL ES is a structure conta inin g ha ndl es o f componenls in GU I us ing 
%1 tags as fi eldnames. e.g. handles. figure I, handl es.s lider2. This 
%1 structure is created at GU I startup us ing GU IHAN DL ES and stored in 
%1 the fi gure's appli cat ion data using GU IDA TA. A copy o f th e structure 
%1 is passed to each ca llback . You can sto re additi onal information in 
%1 th is structure a t GU I startup. and you can change the structure 
%1 during ca llbac~s. Call guidata( h. handles) a fie r changi ng your 
%1 CO P) to replace the sto red o riginal so that s ubsequent eallbacks see 
%1 the updates. T) pe "he lp guihandles" and "help guidata " for more 
%1 information. 
%1 
%1 VA RARG IN contains any extra argum ents you have passed to the 
%1 ca llback. Spec ify the extra arguments by editing the callbac ~ 
%1 propelly in the inspector. B) defa ult. GU ID E sets the propelly to: 
%1 <MFILENAME>('<SUBFUNCTION_NA ME>'. gcbo. [J . guidata(gcbo» 
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0/01 Add an~ e\tra arguments after the la ~t argument. before the final 
0/0 1 clos ing. parenthesis . 
0/0 - ---- ------------------------------------------------------- - -- - ----
function varargout = startyrogram_Cal lback(h, eventdata, handles, varargin) 
samples = 100000; 
dd I = str2double(get(handles.day_start,'String)); 
mm I = str2double(get(handles. month_start,'String')); 
yyyy I = str2double(get(handles.year _start,'Str ing')); 
dd2 = str2double(get(handles.daL end,'String'» ; 
mm2 = str2double(get(handles. month_end ,'String'»; 
yyyy2 = str2double(get(handles.year _end,'String'» ; 
KL = O; 
KOL = I; 
U = ['str I = datestr("',num2str(mm I ),'-' ,num2str(dd I ),'-',num2str(yyyy I ),"', I );'] ; 
V = ['str2 = datestr("',num2str(mm2),'-',num2str(dd2),'-',num2str(yyyy2),"', I );']; 
eva l(U) 
eval(V) 
W = ['str3 = datenumC",num2str(mm I ),'-',num2str(dd I ),'-',num2str(yyyy I ),"', I );'] ; 
eval(W) 
A = ['num = daysd if(1II str \ III '" str2 Ill).']. 
, '" '" 
eva l(A) 
Rdays = str3 : I :str3+num; 
A = datestr(Rdays,24); 
B(:, I :2) = A(:, 1:2); 
B(:,3:4) = A(: ,4:5); 
B(:,5:8) = A(: ,7: 10); 
(C,D] = s ize(B); 
for kl = I: I:C 
E(kl, I :6) = ('Folder']; 
end 
G(:, 1:6) = E; 
G(:,7: 14) = B; 
A = G; 
k = O; 
0;00/0%0;0°;00100/0 % ~o 0/0 0/0 010 % 010 ~Io % 010 % % ~Io 0/00100/00100/00/00100/00/0010 % ~{, 0, (, 0/0 '% ~)o % ~/o 0 '0 ~o ~ '0 0 '0 0; 0 0'00/0 % % 
n = 0; 
Ti = -0.5; 
Co = O; 
load values 
xmid = AK(2, I )12; 
ymid = AK(I , I)/2; 
numb = num+ I; 
\\hile k < numb 
k = k+ l ; 
F = ['B',num2str(k),' = dirC",BK,'\',num2str(A(k,:»,"');']; 
eva l(F) 
X = ['W = size(B',num2str(k),');'] ; 
eva l(X) 
if W(I»O 
P = 0; 
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n = n+ l ; 
Y = ['C = B',num2str(k),';']; 
eva l(Y) 
UI = size(C); 
SC = size(char(CC3:end-3 ,:).name)); 
SC = SCC I); 
P = char(CC3:end-3,:).name); 
F = char(P); 
KL = size(P); 
KL = KL( I); 
for lp = I:KL 
Ti = Ti+O.S; 
Co = CO+ I; 
T im(Co) = Ti ; 
BA = ['KA = dlmread("', BK, ~' ,num2str(A(k,: )), ~ ' ,num2str(F(lp,: )),"',",", [ I I I I]);'] ; 
eva l(BA) 
BE = ['KB = dlmread(''' ,BK,~',num2str(A(k,:)),~',num2str(F(lp,: )),''','', " , [12 S KA+ II S]);']; 
eva l(BE) 
ma = max(KB); 
if ma > 2.S 
BO = ['KR = dlmread("',BK,~' ,num2str(A (k ,: )),~' ,num2str(F(lp,: )),"', " , ",[120 KA+ II 3]);'] ; 
eval(BO) 
[resu] = locatbox32(6,KR,KA); 
sil (Co, I) = resu( I, I); 
si2(Co, I) = resu(2, I); 
si3(Co, I) = resu(3, I); 
si4(Co, I) = resu( 4, I); 
siS(Co, I) = resu(S, I); 
si6(Co, I) = resu(6, I); 
si7(Co, I) = resu(7, I); 
axes(handles.statylot_ 1 ); 
hold on;plot(Tim,si I ,'r-*');ax is([O inf 0 20]);grid on; 
axes(handles.statylot_ 2); 
hold on;plot(Tim,si2,' r-*');axis([O infO 20]);grid on; 
axes(hand les.statylot_ 3); 
hold on;plot(Tim,si3,'r-*');ax is([O infO 20]);grid on; 
axes(handles.statylot_ 4); 
hold on;plot(Tim,si4,'r-*');ax is([O infO 20]);grid on; 
axes(hand les.stat_plot_ S); 
hold on;plot(Tim,siS,'r-*');axis([O infO 20]);grid on; 
axes(handles.statylot_6); 
hold on;plot(Tim,si6,' r-*');ax is([O infO 20]);grid on; 
axes(handles.statylot_7); 
hold on;plot(Tim,si7,'r-*');ax is([O infO 20]);grid on; 
drawnow 
end 
end 
Q(KOL:KL+(KOL-I ), I: IS) = P; 
KOL = KOL+KL; 
end 
end 
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01o°/oO/oo/OO'oO/O%~(OO/o0/o0/o0Io0/o0/oO'oO'OO)"OO/oO/oOIo0/o0/oo'-o0!O%o/o%%%~'oo'o~Io0/o0/o0/oo'o%o/oolOO/oO'of) '0° '0 
0/0 ___________________________________________________________________ _ 
function varargout = stopyrogram_Ca llback(h, eventda ta, handles, varargin) 
o 0 ___________________________________________________________________ _ 
function varargout = Untitled_ I_Callback(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------------
fun ction va rargout = time_oCfailure_ I_Callback(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------- - ----
fun ction varargout = time_of_ failure_2_Callback(h, eventdata, handles, varargin) 
o~ ___________________________________________________________________ _ 
fun ction varargout = time_ofJa ilure_3_Callback(h, eventdata, handles, varargin) 
tl '0 ___________________________________________________________________ _ 
functi on varargout = time_of_ fa ilure_ 4_Ca ll back(h, eventdata, handles, varargin) 
o 0 ___________________________________________________________________ _ 
fun ction varargout = ploty icture_Callbac k(h, eventdata, handles, varargin) 
0'0 ___________________________________________________________________ _ 
fun ction va rargout = Bearings_ v9 _ ResizeFcn(h, eventdata, handles, varargin) 
o j 0 ___________________________________________________________________ _ 
fun ction varargout = listbox 1_ Callback(h, eventdata, handles, varargi n) 
% --------------------------------------------------------------------
fun cti on varargout = day_end_Ca llback(h, eventdata, ha ndles, varargin) 
Olf) ___________________________________________________________________ _ 
fun ction varargout = month_end_Call back(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------------
function varargout = yea r_end_Ca ll back(h, eventdata, handles, varargin) 
t~o ________________________________________ ~ __________________________ _ 
fun cti on varargout = day_start_Callback(h, eve ntdata, handles, varargin) 
0/0 --------------------------------------------------------------------
fun ction varargout = month_start_Callback(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------------
function varargout = year_start_Ca llback(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------------
fun ction varargout = O ptions_Call back(h, eventdata, handles, varargin) 
Options 
~o --------.-----------------------------------------------------------
349 
APPENDIX 
A cost-effective approach to the condition monitoring of multiple rolling-element bearings 
function varargout = close_button_Callback(h, eventdata, handles, varargin) 
delete(handles. Bearings _ v9) 
C-2) Counting function called within the main function (locatbox32.m) 
fun ction [count] = locatbox32(fi ilre,KR,KA): 
drift = S; 
drift2 = -4; 
k = 100000; 
count( I :7, I) = 0; 
cycles = KNSOOO; 
cycles = floor(cycles); 
[bl,al] = butter(S ,filtreI2S,'high'); 
[KR2] = fi lter(b I ,a I ,KR); 
nblag = SO; 
for seb = I: I :cycles 
clear I ] P 
beg = SOOO*(seb- I)+ I; 
endi = SOOO'seb; 
KR3 = KR2(beg:endi,:); 
ml = KR3(:,I); 
m2 = KR3(:,2); 
m3 = KR3(: ,3); 
[cl ,lags I] = xcorr(m l ,m2,nblag); 
[c2,lags2] = xcorr(m l ,m3,nblag); 
[K,J] = max( c l ); 
p(: , I) = lags l(J); 
[K,]] = max(c2); 
p(:,2) = lags2(J); 
p = p': 
load net4 
load va lues 
[pn] = tramnmx(p,minp,maxp); 
G = s im(nct2,pn); 
G = G'; 
G( :, I) = G(:, I )+drift; 
G( :,2) = G(:,2)+dri ft2; 
x(I , I) = AK(3); 
x( I ,2) = AK( 4); 
x(2, I) = AK(6); 
x(2,2) = AK(7); 
x(3, I) = AK(9); 
x(3,2) = AK( I 0); 
x(4, 1) = AK(12); 
x(4,2) = AK(13); 
x(S, I) = AK( IS); 
x(S,2) = AK( 16); 
x(6,1) = AK( IS); 
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x(6,2) = AK( 19); 
x(7, I) = AK(2 1); 
x(7,2) = AK(22); 
dia( l , I :2) = AK(5); 
dia(2, I :2) = AK(8); 
dia(3 , I :2) = AK( II ); 
dia(4, I :2) = AK( 14); 
dia(5, I :2) = AK( 17); 
dia(6, I :2) = AK(20); 
dia(7, 1:2) = AK(23); 
dia = dial2; 
emp = O; 
G 1(:, I) = G(:, I)-x(:, I); 
G 1(: ,2) = G(:,2)-x(:,2); 
G I = abs(G I); 
G 12 = G I-dia; 
KLI = find(G 12(:, I )<=0 & G 12(:,2)<=0); 
emp = isempty(KL I); 
if emp = O; 
KLI = KLI ( I, I); 
count(KL I, I ) = count(KL I , 1)+ I; 
c = I ; 
L( I, I) = c; 
L( I,2) = KLl ; 
end 
end 
count2( I, I )=fi ltre; 
count2(2:8, I) = count; 
C-3) Functi on for the option window called from the main function 
function varargout = set(varargin) 
% SET Application M-file for set.fig 
% FIG = SET launch set GUI. 
% SET('callback_name' .. .. ) invoke the named callback. 
% Last Modified b) GUIDE \2.0 05-0ct-2003 15:22:06 
if nargin = 0 % LAUNCH GUI 
fig = openfig(mfilename,'reuse'); 
% Generate a structure of handles to pass to ca 11 backs. and store it. 
handles = guihandles(fi g); 
guidata(fi g, handles); 
if nargout > 0 
end 
load values 
varargout { I} = fi g; 
set(handl es. va lue_3,'String',num2str(AK( I ,:))); 
set(handles. value _ b,'String' ,num2str(AK(2,: ))); 
set(handles.p I x,'String',num2str(AK(3 ,:))); 
set(handles. p I y,'String',num2str(AK( 4,:))); 
set(handles.p I d,'String',num2str(AK(5,:))); 
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set(hand les . p2x,'String' ,num2str( A K( 6, :»); 
set(hand les. p2 y ,'Stri ng' ,nu m2str( AK(7,:»); 
set(hand les. p2d,'Stri ng' ,n um2str( A K(8, :»); 
set(hand les. p3 x,'Stri ng',n um2str( A K(9,:»); 
set(hand les.p3y,'String',num2str(AK( I 0,: »); 
set(hand les.p3d,'Stri ng',num2str(AK( 11 ,c »~); 
set(handles.p4x,'String',num2str(AK( 12,:))); 
set(handles.p4y,'String',num2str(AK( 13,:))); 
set(hand les. p4d,'String',num2str(AK( 14,: »); 
set(handles.pSx,'String',num2str(AK( I 5,:»); 
set(handles.pSy,'String',num2str(A K( 16,:))); 
set(handles .pSd,'String',num2str(AK( I 7, :))); 
set(handles.p6x,'String',num2str(AK( 18,:))); 
set(handles .p6y ,'String',num2str(AK( 19, :))); 
set(hand les.p6d, 'Stri ng' ,n um2str( A K(20,:»); 
set(hand les.p7x,'String',num2str(AK(2 1,:» ); 
set(hand les. p 7y ,'String' ,n um2str( AK(22,:»); 
set(hand les. p 7 d, 'String' ,n um2str( AK(23,:»); 
set(handles. fi le _ open,'String',BK); 
% set HandleVi sibi lit~ to ON for axes initialisation 
[X3 ,map] = imread('position.bmp'); 
o ld = get(fi g,'HandleVis ibility'); 
set(fi g,'Hand leV is ibi I ity' ,'on'); 
axes(handles .image2y lot); 
imagesc([O 140],[0 60] ,X3); 
set( fi g,' Hand le V is i bi I ity ' ,0 I d); 
e lse if ischar(varargin { I}) % I YOKE AMED SUBFUNCTION OR CALLBACK 
try 
if (nargout) 
[varargout { I :nargout} ] = feva l(va rargin {: }); % FEV AL S\\ itchyard 
e lse 
feva l(varargin{:)); % FEVAL s\\ itcll~ard 
end 
catch 
disp(lasterr); 
end 
end 
%1 ABOUT CALLBACKS: 
%1 GUI DE automaticall) appends subfunction protot) pes to this IIle. and 
%1 sets objects' callback propelties to call them through the FEV AL 
%1 s\\ itch~ard abo\e. This comment describes that mechanislll. 
%1 
%1 Each call back subfllnction declaration has the 1'0110\\ ing form: 
%1 <SUBFUNCTION NAME>(l1. EVENTDATA. HANDLES. VARARGIN) 
%1 
%1 The subfunction name is composed us ing the object's Tag and the 
%1 callback type separated b) '_'. e.g. 's lidcr1_Callback'. 
%1 'lIgure 1_ CloseRequestFcn'. 'axis I_ Buttondo\\ nFcn'. 
%1 
%1 11 is the callback object's handle (obtained using GCBO). 
%1 
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%1 EVENTDATA is empt}. but resened for future use. 
%1 
%I I IANDLES is" structure containing handles of components in GUlusing 
%1 tags as ticldnames. e.g. hand les.ligure I. handles.s lider2 . This 
%1 structure is created at GUI ,tarlup using GUIIIANDLES and stored in 
%1 the ligurc's application data using GUIDATA. A COP) of the structure 
%1 is passed to each callback. You can store additional information in 
%1 thi s structure at GUI startup. and )OU can change the structure 
0/0 1 during callbacks. Call guidata(h. handles) after changing your 
%1 COP) to replace the stored original so that subsequent callbacks see 
%1 the updates. T} pe "help guihandles" and "help guidata" for morc 
'%1 information. 
0/·1 
%1 VARARGIN contains an) extra arguments )OU haye passed to the 
%1 ca ll back. Specif:, the extra arguments b) editing the callback 
'/.1 propert) in the inspector. B) default. GUIDE sets the prOpel1) to: 
'/.1 <MFILENAME>('<SUBFUNCTION_ NAME>'. gcbo. [J. guidata(gcbo)) 
%1 Add an) extra arguments atier the last argument. befo re the final 
%1 closing parclllhesis. 
°/0 --- -----------------------------------------------------------------
functi on varargout = value_a_Callback(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------------
function varargout = va lue_b_Callback(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------------
function varargout = confinn _button_ Callback(h, eventdata, handles, varargin) 
AK( I ,:) = str2double(get(handles.value _a.'String'»; 
AK(2,:) = str2double(get(handles.value_ b,'SITing'»; 
AK(3,:) = str2double(get(handles.p I x,'String')); 
AK( 4,:) = str2double(get(handles.p I y,'String')); 
AK(S,:) = str2double(get(handles.p Id,'String'» ; 
AK(6,:) = str2double(get(handles.p2x,'String'»; 
AK(7,:) = str2double(get(handles. p2y,'String')); 
AK(8, :) = str2double(get(handles. p2d,'String')); 
AK(9,:) = str2double(get(handles.p3x,'String'»; 
AK( I 0,:) = str2double(get(handles.p3y,'String'»; 
A.K( I I,:) = str2double(get(handles.p3d,'String'); 
AK( I 2,:) = str2double(get(handles .p4x,'String')); 
AK( I 3,:) = str2double(get(handles.p4y,'String'»; 
AK( I 4, :) = str2double(get(handles.p4d,'String')); 
AK( IS,:) = str2double(get(handles.pSx,'String'»; 
AK( I 6,:) = str2double(get(handles.pSy,'String'»; 
AK( 17,:) = str2double(get(handles.pSd,'String'»; 
AK ( I 8,:) = str2double(get(handles.p6x,'String'» ; 
AK( I 9, :) = str2double(get(handles.p6y,'String'»; 
AK(20, :) = str2double(get(handles .p6d,'String')); 
AK(2 1 ,:) = str2double(get(handles.p7x,'String'»; 
AK(22,:) = str2double(get(handles.p7y,'String'»; 
AK(23,:) = str2double(get(handles.p7d,'String'»; 
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BK = (get(hand lesofi le _ open,'StTing')); 
save va lues AK BK 
train ingNN(AK( 1,:),AK(2,:)) 
~ --------------------------------------------------------------------
function vara rgout = p i x_ Ca ll back(h, eventdata, handles, v3loargin) 
0/0 -- _ --- _ -- __ -------------------------------- __ -----------------------
functi on varargout = p ly _ Ca llback(h, eventdata, hand les, varargin) 
% --------------------------------------- - ----------------------------
function varargout = pi d _ Ca ll bac k(h, eventdata, handles, vararg in) 
~/o --------------------------------------------------------------------
fun ction va rargout = p2x_Ca llback(h, eventdata, hand les, varargi n) 
0;'0 _____________________________________________________________ ._. ___ _ 
function varargout = p2y_Ca llback(h, eventdata, hand les, varargin) 
0 0 
10 ------------------------.-------------------------------------------
functi on varargout = p2d_Ca llback(h, eventdata, handles, vararg in) 
~o --------------------------------------------------------------------
function varargout = p3x_Ca ll back(h, eventdata, ha ndles, vararg in) 
0;'0 ___________________________________ ________________________________ _ 
function varargout = p3y_Callback(h, eventdata, handles, vararg in) 
0/0 --------------------------------------------------------------------
function va rargout = p3d_Ca ll back(h, eventdata, handles, varargin) 
~ --------------------------------------------------------------------
function varargout = p4x_ Callback(h, eventdata, handles, vararg in) 
0;'0 ___________________________________________________________________ _ 
fun ction varargout = p4y_Ca ll back(h, eventdata, ha ndles, va rarg in) 
~ --------------------------------------------------------------------
function varargout = p4d _ Ca llback(h, eventdata, ha ndles, vararg in) 
0/0 ------ --------------------------------------------------------------
function varargout = p5x_Ca ll back(h, eventdata, handles, varargin) 
~ --------------------------------------------------------------------
functi on varargout = pSy_Ca llback(h, eventdata, ha ndles, varargin) 
0/
0 --------------------------------------------------- -----------------
function varargout = pSd_Ca llback(h, eventdata, ha ndles, vararg in) 
~o --------------------------------------------------------------------
function varargout = p6x_Ca ll back(h, eventdata, handles, varargi n) 
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0/0 ___________________________________________________________________ _ 
functi on varargoul = p6y_Ca llback(h, eventdata, hand les, varargi n) 
~o --------------------------------------------------------------------
functi on varargout = p6d_Ca llback(h, eventdata, handles, varargi n) 
0/0 ___________________________________________________________________ _ 
function varargout = p7x_Ca ll back(h, eventdata, handles, varargin) 
0/0 --------------------------------------------------------------------
function varargout = p7y_Ca llback(h, evenldala, handles, vararg in) 
0/0 --------------------------------------------------------------------
funcli on varargout = p7d_Ca llback(h, eventdata, handles, varargin) 
gi. ----------------------------------------------- ---------------------
function varargout = fi le_open_Ca ll back(h, eventdata, handles, va rarg in) 
0/0 --------------------------------------------------------------------
functi on varargout = c lose_butlon_Ca llback(h, eventdata, handles, vararg in) 
delete(handles.options) 
C-4) Function, ca lled within the option function, for training a feed-forward NN (trainingNN.m) 
function trainingNN(b,a) 
sr = 50000: %sampling rate 
minx = 0; 
max.x = b; 
stepx = (maxx-minx)!l2;%2.5 
miny = 0; 
maxy = a; 
stepy = (maxy-miny)/ 12; 
x = minx:stepx: maxx; 
y = miny:stepy:maxy; 
Ix = length(x); 
Iy = length(y); 
cl ear x y 
i = 0; 
j = minx-stepx; 
w h i le j<maxx; 
i = i+ l ; 
j = j+stepx; 
x( I :Iy,i) = j ; 
e nd 
k = 0; 
1= miny-stepy; 
w hil e I<maxy; 
k = k+ l ; 
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1= I+stepy; 
y(k, 1 :Ix) = I; 
end 
[t(:, I)] = mat2col(x); 
[t(:,2)] = mat2co l(y); 
t = t'; 
z l = «x."2)+(y."2»."O.5; 
z2 = «x-b)."2+(y."2»."0.S; 
z3 = «x."2)+(y-a)."2)."O.S; 
y l2 = z l-z2; 
y l3 = z l-z3; 
T = 22.2: %telllperalure in 
velocity = 1 00*(20.0S*(T +273. 1 S)"O.S);%sollnd \ eloc ity in the a ir in clll/s 
Ilffib_samp_ 12 = y I2*sr/velocity; 
nmb_samp_ 13 = yI 3*sr/velocity; 
[pt :, I)] = mat2col(nmb_samp_ 12); 
[p(:,2)] = mat2col(nmb_samp_ 13); 
p = p'; 
[pn,minp,maxp] = premnmx(p); 
net2 = newff([ m inmax(pn)], [20,2], {'tansig','pure l in '} ,'tra inlm'); 
net2.trainParam.show = NaN ; 
net2.tra inParam.epochs = 50; 
[net2,tr] = train(net2,pn,t); 
a = sim(net2,pn); 
save net4 net2 minp maxp 
C-S) Formatting function ca lled from the NN training function (maI2col.m) 
function [a] = mat2co l(x); 
[ro,co] = size(x); 
i = O; 
whil e i<co 
i = i+ l; 
a«(i-I )* ro)+ 1 :i*ro) = x(:, i); 
end 
a = a'; 
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